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RECENT RESEARCH ON WAYS TO IMPROVE TIRE TRACTION ON 

WATER, SLUSH OR ICE 

By Walter B. Home, Thomas J. Yager, and Glenn R. Tay lo r  

NASA Langley Research Center  

~ ABSTRACT 

This  paper f i r s t  d i s c u s s e s  t h e  t h r e e  m a i n  f a c t o r s  t h a t  can cause  a lmost  
I 

l complete l o s s  of t i re  t r a c t i o n  on w e t  runways: namely, dynamic hydroplaning,  
I 

v i scous  hydroplaning,  and t i r e  t r e a d  rubber  revers ion .  The f i r s t  t w o  f a c t o r s  

have been w e l l  de f ined  by previous  r e sea rch  but  only r e c e n t l y  has  t h e  lat ter 

f a c t o r ,  t i re  t r e a d  rubber  r e v e r s i o n ,  been shown t o  produce very  low f r i c t i o n  

c o e f f i c i e n t s .  The paper then d i s c u s s e s  how pavement s u r f a c e  t e x t u r e ,  runway 

water dep th ,  t i re  t r e a d  des ign ,  v e r t i c a l  t i r e  load ,  and t ire i n f l a t i o n  pres-  

s u r e  i n t e r a c t  w i th  t h e s e  f a c t o r s .  

dep th  of a runway s u r f a c e  i s  given.  

c l a s s i f y i n g  runway s u r f a c e s  as t o  t h e i r  s l i p p e r i n e s s  when w e t .  F i n a l l y ,  tests 

of two promising methods f o r  i n c r e a s i n g  t i r e  t r a c t i o n  on w e t  runways are de-  

s c r i b e d  and r e s u l t s  d i scussed :  

and pavement grooving. 

I 
I 

A method f o r  measuring average  t e x t u r e  

This  method shows promise as a means of 

namely, a i r  j e t s  placed i n  f r o n t  of t i res  

T NTRODUCTION 

The extreme l o s s  of t i r e  braking  and l a t e r a l  t r a c t i o n  t h a t  sometimes 

occur s  t o  a i r c r a f t  du r ing  landings  on wet and f looded runways i s  of utmost 

concern t o  t h e  a i r c r a f t  community f o r  obvious s a f e t y  reasons.  The term hydro- 

p l an ing ,  o r  aquaplaning ,  i s  u s u a l l y  used t o  d e s c r i b e  t h i s  d r a s t i c  t r a c t i o n  loss 

whenever i t  occur s .  

quency of  occur rence  of hydroplaning.  However, one major U. S. a i r l i n e  

Very few s t a t i s t i c s  a r e  a v a i l a b l e  t o  i n d i c a t e  t h e  f r e -  
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estimates t h a t  5 percent  of t h e  landings  of i t s  f l e e t  each y e a r  are made'on w e t  

runways. It  f u r t h e r  estimates t h a t  one o u t  of every 500 w e t  l andings  encoun- 

~ 

I 

t e r e d  hydroplaning i n  some form with  t h e  a t t e n d a n t  l o s s  of  t i r e  t r a c t i o n  

c o n t r i b u t i n g  t o  making t h e  a i r c r a f t  tend t o  d e p a r t  from t h e  runway sideways 

i n  some cases (crosswind)  and t o  overrun t h e  runway i n  o t h e r  cases. Other  

a i r l i n e s  having similar r o u t e  s t r u c t u r e s  i n  t h i s  count ry  appear  t o  show similar 

r e s u l t s .  F o r t u n a t e l y ,  most of t h e  cases c i t e d  were n o t  a c c i d e n t s  b u t  were 

i n c i d e n t s  where t h e  p i l o t  d i d  n o t  l o s e  complete c o n t r o l  of t h e  a i r c r a f t ,  and 

w a s  a b l e  t o  keep  t h e  a i r c r a f t  w i t h i n  t h e  c o n f i n e s  of t h e  runway d u r i n g  landing.  

It should be noted ,  however, t h a t  t h e  margin between a n  a c c i d e n t  where damage 

o r  i n j u r i e s  are  s u f f e r e d  and a n  i n c i d e n t  where no a i r c r a f t  damage o r  passenger  

i n j u r i e s  o c c u r ,  is very small indeed. The p o s s i b i l i t y  of t h e  a i r c r a f t  l o s i n g  

t r a c t i o n  c a p a b i l i t y  as  o f t e n  as once every  500 w e t  l andings  i n d i c a t e s  t h e  

u r g e n t  need f o r  deve loping  some method o r  d e v i c e ,  e i t h e r  on t h e  runway o r  on 

t h e  a i r c r a f t ,  t h a t  w i l l  a l l e v i a t e  t h e  d r a s t i c  t r a c t i o n  l o s s  d u r i n g  take-off 

and landing and t h u s  i n c r e a s e  s a f e t y  of f l i g h t .  

Since 1960, t h e  landing  loads  t r a c k  of t h e  NASA Langley Research C e n t e r  

h a s  been e x t e n s i v e l y  employed i n  t i r e  hydroplaning  r e s e a r c h  ( r e f s .  1 t o  18).  

T h i s  research  enabled two d i f f e r e n t  t y p e s  of l o s s  of t r a c t i o n  on w e t  s u r f a c e s  

t o  be separa ted  and d e f i n e d :  namely, dynamic and v i s c o u s  hydroplaning .  I t  

was found t h a t  f o r  dvnamic hydroplaning  to  o c c u r ,  t h e  runway must be f looded 

beyond a c r i t i c a l  f l u i d  d e p t h ,  and t h e  a i r c r a f t  m u s t  be  t r a v e l i n g  a t  a speed 

i n  excess  of a c r i t i c a l  ground speed ( r e f e r r e d  t o  as t h e  hydroplaning  speed,  

and which is dependent upon t h e  s q u a r e  r o o t  of t h e  t i r e  i n f l a t i o n  p r e s s u r e  

used on the a i r c r a f t ) .  I t  w a s  found,  on t h e  o t h e r  hand, t h a t  v i s c o u s  hydro- 

p l a n i n g  requi red :  a t h i n  f l u i d  f i l m  to  be p r e s e n t  on t h e  runway; a c r i t i c a l  
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a i rc raf t  ground speed (much lower than  f o r  the  dynamic hydroplaning  c a s e  which 

I was dependent upon t h e  v i s c o s i t y  of t h e  runway f l u i d ) ;  and a very smooth runway : 
1 s u r f a c e .  F o r t u n a t e l y ,  i t  w a s  found t h a t  t h e  t e x t u r e  e x i s t i n g  on most runway 
I 

s u r f a c e s  i s  s u f f i c i e n t  t o  break up  and d i s s i p a t e  t h e  t h i n  v i scous  f i l m  c r e a t i n g  

t h i s  t ype  of hydroplaning. Viscous hydroplaning t h u s  w i l l  be a s e r i o u s  prob- 

' l e m  on ly  on very  smooth runway s u r f a c e s .  

I S t u d i e s  of a i r c r a f t  sk idd ing  o f f  t h e  runway sideways and over run  a c c i d e n t s  

and i n c i d e n t s  have, however, d i s c l o s e d  a s i g n i f i c a n t  number of cases t h a t  

could  n o t  be f u l l y  expla ined  by e i t h e r  t h e  dynamic o r  v i scous  t y p e  of hydro- 

p l an ing .  These s t u d i e s  a l s o  d i s c l o s e d  t h a t  i n  most of t h e s e  nonconforming 

, a c c i d e n t s  o r  i n c i d e n t s ,  wh i t e  s t r e a k s  were u s u a l l y  developed i n  t h e  t i r e  p a t h s  

I 

I on t h e  w e t  runway, and t h a t  t h e  t i r e s  showed evidences  of a " r eve r s ion"  of t h e  

t r e a d  rubbe r  t o  a n  uncured form i n  t h e  sk id  pa t ches  developed on t h e  t r e a d  

I 

1 s u r f a c e .  

I n  a r e s e a r c h  program i n i t i a t e d  a t  t h e  t r a c k  r e c e n t l y ,  a series of tests 

w a s  made w i t h  t h e  a i r c r a f t  t i r e  locked t o  prevent r o t a t i o n  so t h a t  t h e  t i re  

1 was fo rced  t o  s k i d  a long  t h e  w e t  and flooded t e s t  runway s u r f a c e s  a t  d i f f e r e n t  

ground speeds .  During t h e s e  tes ts ,  t h e  t i r e s  developed t r e a d  rubber  r e v e r s i o n  

i n  t h e  s k i d d i n g  f o o t p r i n t  r eg ion ,  and extremely low f r i c t i o n  c o e f f i c i e n t s  were 

measured down t o  speeds as low as 25 kno t s .  

l 

I Thus i t  w i l l  be t h e  purpose of t h i s  paper: t o  i l l u s t r a t e  b r i e f l y  the 

e f f e c t s  of dynamic and v i scous  hydroplaning on t i r e  t r a c t i o n  performance; t o  

d e s c r i b e  t h e  e f f e c t s  of prolonged t i r e  s k i d s  and t r e a d  rubber  r e v e r s i o n  on 

a i r c r a f t  b r a k i n g  and d i r e c t i o n a l  c o n t r o l ;  t o  b r i e f l y  d e s c r i b e  s e v e r a l  methods 
I 
I t o  improve a i r c r a f t  t i r e  t r a c t i o n  on wet runway s u r f a c e s ;  and f i n a l l y  t o  de- 

s c r i b e  a method of measuring t h e  average  depth of t e x t u r e  as a means of c l a s -  
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s i f y i n g  runway s u r f a c e s  as t o  t h e i r  s l i p p e r i n e s s  when w e t .  

Fz 

P 

"P 

P 

pav 

pe f f  

pmax 

p r  

sk id  

p s t a t i c  

SYMBOLS 

v e r t i c a l  load ,  l b  

i n f l a t i o n  pressure, l b / i n .  2 

dynamic hydroplaning speed ,  k n o t s  

i n s t a n t a n e o u s  t ire-ground f r i c t i o n  c o e f f i c i e n t  

ave rage  f r i c t i o n  c o e f f i c i e n t  between s l i p  r a t i o s  of 0.10 and 0.50 

e f f e c t i v e  f r i c t i o n  c o e f f i c i e n t  (average  p developed by a i r c r a f t  

as modified by p i l o t  b rak ing  o r  a n t i - s k i d  system) 

maximum f r i c t i o n  c o e f f i c i e n t  

r o l l i n g  r e s i s t a n c e  c o e f f i c i e n t  

sk idd ing  f r i c t i o n  c o e f f i c i e n t  ( f r i c t i o n  c o e f f i c i e n t  a t  s l i p  r a t i o  

of 1) 

maximum f r i c t i o n  c o e f f i c i e n t  ob ta ined  a t  ex t remely  low ground 

speeds (0.008 t o  1.7 k n o t s )  

T I R E  BRAKING TRACTION ON DRY RUNWAYS 

This  s e c t i o n  on braking  t r a c t i o n  of t i res  on d r y  s u r f a c e s  i s  g iven  t o  

provide  background in fo rma t ion  and a l s o  t o  s e r v e  as a b a s i s  of comparison f o r  

t h e  t r a c t i o n  r e s u l t s  ob ta ined  on w e t  s u r f a c e s  t o  fo l low.  

S l i p  R a t i o  E f f e c t s  

When r o l l i n g  t i res  a re  f o r c e d  by b r a k i n g  a c t i o n  t o  slow r o t a t i o n  from a 

f r e e - r o l l  c o n d i t i o n  t o  a locked o r  f u l l - s k i d  c o n d i t i o n ,  t h e  f r i c t i o n  c o e f f i -  

c i e n t  developed between t i r e  and ground v a r i e s  w i t h  s l i p  r a t i o  i n  t h e  manner 

shown schemat i ca l ly  i n  f i g u r e  1. With no b r a k i n g  ( s l i p  r a t i o  ze ro )  t h e  lower 

4 



l i m i t ' o f  f r i c t i o n  c o e f f i c i e n t ,  

r o l l i n g  t i r e ,  wheel bea r ings ,  and unloaded brake. 

c o n d i t i o n s ,  pr 

c i e n t .  

rises u n t i l  i t  reaches  a maximum va lue  a t  

u p  t o  t h i s  p o i n t  p r a c t i c a l l y  no s l i d i n g  o r  s l i p p i n g  occurs  between t h e  t ire 

f o o t p r i n t  and ground. The appa ren t  s l i p  shown u p  t o  t h e  r eg ion  of pmax i n  

f i g u r e  1 i s  due t o  t h e  t o r s i o n a l  e las t ic i ty  of t h e  t i r e .  A f t e r  hax i s  

a t t a i n e d ,  u n l e s s  t h e  brake  to rque  i s  r ap id ly  dec reased ,  t h e  t i r e  qu ick ly  locks  

u p  a t  a f r i c t i o n  c o e f f i c i e n t ,  

as i n d i c a t e d  i n  f i g u r e  1 and as i s  shown by d a t a  i n  f i g u r e  2 .  

wheel sk id  i s  a h igh ly  u n d e s i r a b l e  cond i t ion  f o r  t h e  t i r e  a t  h igh  speeds on 

d r y  runways. Shown i n  f i g u r e  3 i s  a t i re  which blew o u t  a f t e r  s l i d i n g  only  

60 f e e t  a t  100 k n o t s  ground speed on a d r y  c o n c r e t e  runway under  a v e r t i c a l  

load of 10,000 pounds. C a l c u l a t i o n s  show t h a t  up  t o  t h e  po in t  that the t i r e  

blew o u t ,  t h e  c o n t a c t  pa tch  of t h e  t i r e ,  which w a s  approximately 40 square  

i n c h e s  i n  area, was abso rb ing  460 horsepower. 

t r e a d  rubber  and carcass cord w a s  melted and eroded away i n  less than  0.36  

second,  t h e  d u r a t i o n  of t h e  locked wheel skid i n  t h i s  case. To avoid  such a n  

occur rence  i s ,  of cour se ,  a primary reason  f o r  i n s t a l l i n g  a n t i - s k i d  brak ing  

systems on a i r c r a f t .  

r i d e  t h e  peak of  t h e  p - s l i p - r a t i o  cu rve  i n  f i g u r e  1, and thus  produce maxi- 

mum brak ing  and avoid  excess ive  t r e a d  wear. 

t o  a c h i e v e  i n  p r a c t i c e  and t h e  average  f r i c t i o n  c o e f f i c i e n t ,  

between s l i p  r a t i o s  of .10 and .50 i s  probably more r e p r e s e n t a t i v e  of what 

e f f i c i e n t  a n t i - s k i d  systems a c t u a l l y  achieve.  

p r  i s  determined by t h e  r e s i s t a n c e  of  t h e  

Under normal t i re  o p e r a t i n g  

u s u a l l y  f a l l s  w i th in  t h e  range 0.02 - 0.05 f r i c t i o n  c o e f f i -  

A s  b rak ing  to rque  i s  app l i ed  t o  t h e  wheel, t h e  f r i c t i o n  c o e f f i c i e n t  

It should be mentioned t h a t  pmax. 

pskid , u s u a l l y  cons iderably  lower than  pmax 

The locked 

No wonder t h a t  one i n c h  of 

The optimum an t i - sk id  system would be one t h a t  would 

Ac tua l ly  t h i s  i s  very  d i f f i c u l t  

pav , developed 
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I n f l a t i o n  P r e s s u r e  and Vertical  Load E f f e c t s  

Data g iven  i n  r e f e r e n c e  19 i n d i c a t e  t h a t  t h e  maximum t i re -ground f r i c t i o n  

c o e f f i c i e n t  ob ta ined  a t  very low ground speeds ( h e r e a f t e r  c a l l e d  p s t a t i c )  

t e n d s  t o  d e c r e a s e  w i t h  i n c r e a s i n g  t i re-ground bea r ing  p r e s s u r e  on a d r y  runway. 

The d a t a  shown i n  f i g u r e  4 i l l u s t r a t e  t h i s  t r e n d .  The t i r e  i n f l a t i o n  p r e s s u r e  

r e p r e s e n t s  a r easonab le  approximation of t h e  average  bea r ing  p r e s s u r e  developed 

between t i r e  and ground a l though  t i r e  carcass s t i f f n e s s  and t r e a d  e f f e c t s  

i n t roduce  some small d i f f e r e n c e s .  These d a t a  taken  from r e f e r e n c e  19 were 

ob ta ined  a t  extremely low ground speeds ranging  from 10 i n c h e s  pe r  minute  

(0.008 kno t s )  t o  1 . 7  kno t s .  These d a t a ,  r e p r e s e n t i n g  many a i r p l a n e  t i r e  s i z e s ,  

a l s o  show that  

by t h e  empir ica l  equat ion:  

pstatic may be approximate ly  p red ic t ed  f o r  t h e  range  shown 

= 0.93 - ,0011 p (1) p s t a t i c  

The e f f e c t  of v e r t i c a l  load changes on f r i c t i o n  c o e f f i c i e n t s  on d r y  s u r f a c e s  

i s  p r a c t i c a l l y  n i l  ( s i n c e  t h e  t i r e  ac t s  as a n  e l a s t i c  body ove r  p r a c t i c a l  t i r e  

load ranges . )  There i s ,  however, a r ise  i n  t i r e  i n f l a t i o n  p r e s s u r e  due  t o  t h e  

i n t e r n a l  volume of t h e  t i r e  d imin i sh ing  as  t h e  t i r e  d e f l e c t s  under  i n c r e a s i n g  

v e r t i c a l  l oad ,  bu t  t h i s  e f f e c t  i s  r a t h e r  small under  r o l l i n g  c o n d i t i o n s  d u r i n g  

landing .  For example, t h e  p r e s s u r e  r i s e  due  t o  load ing  a t i r e  from z e r o  t o  

r a t e d  d e f l e c t i o n  ( r a t e d  load)  i s  approximate ly  2 t o  3 percen t  of t h e  i n i t i a l  

i n f l a t i o n  p res su re .  A s  can  be  seen  from f i g u r e  4 ,  t h i s  p r e s s u r e  change w i l l  

n o t  modify t h e  f r i c t i o n  c o e f f i c i e n t  t o  any  g r e a t  e x t e n t .  

Speed and Pavement S u r f a c e  Tex tu re  E f f e c t s  

The e f f e c t s  of  pavement s u r f a c e  t e x t u r e  and speed on d r y  runway b rak ing  

e f f e c t i v e n e s s  a re  shown by f i g u r e  5. The d a t a  shown i n d i c a t e  t h a t  pavement 

s u r f a c e  t e x t u r e  o r  material h a s  r e l a t i v e l y  l i t t l e  e f f e c t ,  wh i l e  i n c r e a s i n g  

6 



ground speed t ends  t o  dec rease  t h e  brak ing  e f f e c t i v e n e s s  somewhat. 

be l i eved  t h a t  t h e  dec reas ing  t r end  of 

i n e r t i a  e f f e c t s  a c t i n g  on t h e  d e f l e c t i n g  t ire as i t  r o l l s  through t h e  ground 

c o n t a c t  zone. These i n e r t i a  e f f e c t s  tend to  reduce t h e  t i re-ground c o n t a c t  

area as speed i n c r e a s e s  and t h u s  create a h igher  bea r ing  p res su re  and hence 

from f i g u r e  4 a lower f r i c t i o n  c o e f f i c i e n t .  T i r e  t r e a d  temperature  and o t h e r  

as y e t  unknown e f f e c t s  may a l s o  c o n t r i b u t e  to  t h i s  dec rease .  It should be 

mentioned t h a t  very smooth s u r f a c e s  tend t o  g i v e  somewhat lower d r y  f r i c t i o n  

v a l u e s  than  t h e  va lues  obta ined  f o r  t h e  t ex tu red  s u r f a c e s  shown i n  f i g u r e  5. 

Also shown i n  f i g u r e  5 ,  by t h e  h o r i z o n t a l  dashed l i n e s ,  are t h e  p red ic t ed  

va lues  of pStatic ob ta ined  from equat ion  (1). It can be seen t h a t  t h e s e  

c a l c u l a t e d  v a l u e s  p r e d i c t  reasonably  we l l  t he  experimental  pav v a l u e s  

It i s  

bav w i t h  speed i s  p r imar i ly  due t o  

ob ta ined  a t  low ground speed. 

F igu re  5 a l s o  p r e s e n t s  r o l l i n g  r e s i s t a n c e  v a l u e s  ( p r )  ob ta ined  from 

r e f e r e n c e  17. These d a t a  i n d i c a t e  t h a t  t he  a i r c r a f t  t i r e  f r e e  r o l l i n g  resist- 

ance ,  i n  c o n t r a s t  t o  pav, t ends  t o  i n c r e a s e  w i t h  i n c r e a s i n g  ground speed. 

Summary Remarks on T i r e  Braking Performance on D r y  Runways 

The b rak ing  performance of a i r c r a f t  t i res on d r y  runways may be  summarized 

as fo l lows :  

1. Maximum braking  i s  achieved ove r  a s l i p  r a t i o  range from about  0 .1  t o  

0.3. Opera t ion  a t  lesser s l i p  r a t i o s  reduces t h e  brak ing  a c t i o n  b u t  has  t h e  

advantage of having  a l l  t h e  s topping  energy be ing  absorbed by t h e  brake  and 

hence ve ry  l i t t l e  t i r e  t r e a d  wear develops.  

t h a n  0.1 t o  0.3 a l s o  r e s u l t s  i n  reduced braking a c t i o n ,  bu t  i n c r e a s e s  t i r e  

t r e a d  wear s i n c e  t h e  energy absorbed i n  s topping  i s  now d iv ided  between t h e  

b rake  and t h e  p a r t i a l l y  sk idd ing  t i re .  Operat ion a t  a f u l l  sk id  c o n d i t i o n  

Opera t ion  a t  g r e a t e r  s l i p  r a t i o s  

7 



o r  s l i p - r a t i o  1 resu l t s  i n  no energy be ing  absorbed by t h e  b rake ,  reduced 

braking  a c t i o n ,  and i n t o l e r a b l e  t i r e  t r e a d  wear. 

2 .  Next t o  s l i p  r a t i o ,  t h e  t i r e  i n f l a t i o n  p r e s s u r e  h a s  t h e  l a r g e s t  e f f e c t  

on braking f r i c t i o n  c o e f f i c i e n t  w i th  i n c r e a s i n g  p r e s s u r e  t end ing  t o  d e c r e a s e  

t h e  maximum a t t a i n a b l e  va lues .  For example, doubl ing  t h e  t i r e  p r e s s u r e  from 

100 t o  200 pounds per  squa re  i n c h  results i n  d e c r e a s i n g  from about  

0.82 t o  0.71. 

e f f e c t i v e n e s s .  For example, i n c r e a s i n g  speed from 30 k n o t s  to 100 k n o t s  

( f i g u r e  5) r e s u l t s  i n  pav dropping  from 0.77 to 0.68 ,  a 13 pe rcen t  r educ t ion .  

E l e v a t i n g  t h e  tempera ture  of t h e  t r e a d  rubber  a l s o  h a s  a pronounced e f f e c t  on 

reducing  braking  e f f e c t i v e n e s s  (see f i g .  21, bu t  t h e  f a l l - o f f  i n  b rak ing  

f r i c t i o n  wi th  rubber  tempera ture  i s  no t  known f o r  t i res  o p e r a t i n g  under  f u l l  

s c a l e  c o n d i t i o n s .  

k s t a t i c  

I n c r e a s i n g  ground speed a l s o  t ends  t o  reduce t h e  d r y  braking  

3 .  Pavement s u r f a c e  t e x t u r e  and t i r e  t r e a d  d e s i g n  a p p a r e n t l y  have l i t t l e  

e f f e c t  on d r y  runway braking  e f f e c t i v e n e s s  f o r  a l l  c o n d i t i o n s  of load and 

p r e s s u r e .  Some a v a i l a b l e  d a t a ,  however, show a r e d u c t i o n  i n  b rak ing  e f f e c t i v e -  

n e s s  on very smooth d r y  runway s u r f a c e s .  

TIRE BRAKING TRACTION ON WET OR FLOODED RUNWAYS 

T h i s  s e c t i o n  of t h e  paper i s  concerned w i t h  d e s c r i b i n g  t h e  t h r e e  main 

f a c t o r s  which, a c t i n g  s e p a r a t e l y  o r  i n  combina t ion ,  can degrade  t i r e  b rak ing  

t r a c t i o n  t o  extremely low v a l u e s  on wet s u r f a c e s .  These f a c t o r s  are dynamic 

hydroplaning ,  v i scous  hydroplaning ,  and t i r e  t r e a d  rubbe r  r e v e r s i o n .  

Dynamic and Viscous Hydroplaning E f f e c t s  

Cons iderable  r e s e a r c h  h a s  been c a r r i e d  o u t  on both  dynamic and v i s c o u s  

hydroplaning i n  r e c e n t  y e a r s .  (See r e f s .  1 t o  18.) E s s e n t i a l l y ,  hydroplan ing  
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may be 'def ined  as t h e  c o n d i t i o n  under  which t h e  t i r e  f o o t p r i n t  i s  a c t u a l l y  

l i f t e d  o f f  t h e  runway s u r f a c e  by t h e  a c t i o n  of f l u i d  p r e s s u r e  and then  r i d e s  

on a f l u i d  f i l m  of some f i n i t e  t h i ckness .  Since f l u i d s  cannot  deve lop  s h e a r  

f o r c e s  of a p p r e c i a b l e  magnitude, t i re t r a c t i o n  under  t h i s  c o n d i t i o n  must d r o p  

t o  n e g l i g i b l e  va lues .  Water p r e s s u r e s  developed on t h e  s u r f a c e  of t h e  t i re  

f o o t p r i n t  and on t h e  ground s u r f a c e  beneath t h e  f o o t p r i n t  have been measured 

du r ing  a r e c e n t  i n v e s t i g a t i o n  a t  t h e  landing  loads  t r a c k  ( r e f .  16 ) .  T h i s  

r e s e a r c h  showed t h a t  it w a s  p o s s i b l e  f o r  t h i s  water p res su re  bu i ldup  under  t h e  

t i r e  f o o t p r i n t  t o  o r i g i n a t e  from either f l u i d  d e n s i t y  or f l u i d  v i s c o s i t y ,  

depending upon c o n d i t i o n s ;  hence t h e  need t o  c l a s s i f y  hydroplaning i n t o  two 

types .  

Both hydroplaning types  are i l l u s t r a t e d  i n  t h e  fo l lowing  f i g u r e s  ( f i g s .  

6 t o  8 ) .  Also shown are the e f f e c t s  of vertical load ,  i n f l a t i o n  p r e s s u r e ,  

f l u i d  d e p t h ,  and pavement t e x t u r e  on hydroplaning.  It should b e  mentioned 

t h a t  t h e  d a t a  shown i n  t h e s e  f i g u r e s  were obtained d u r i n g  a r e c e n t  i n v e s t i g a t i o n  

a t  t h e  landing  loads  track where f i v e  pavement s u r f a c e s  were placed i n  l i n e .  

The test  t i r e  w a s  braked i n  success ion  from a f r e e  r o l l  t o  a locked wheel,  

and then  al lowed t o  r e t u r n  t o  t h e  f r e e  r o l l  c o n d i t i o n  on each of t h e s e  s u r f a c e s  

as t h e  test  c a r r i a g e  proceeded down t h e  t r ack .  The f i r s t  test  s u r f a c e  en- 

countered  w a s  a smooth, s t ee l - t rowe led ,  conc re t e  s u r f a c e  having a n  average  

t e x t u r e  d e p t h  of 0.04 mm as determined by a method t o  be  desc r ibed  later. 

nex t  s u r f a c e  w a s  a more t e x t u r e d  f l o a t - f i n i s h  c o n c r e t e  having an  average  

t e x t u r e  d e p t h  of 0.19 mm. The next  two tes t  s u r f a c e s  were a s p h a l t ,  t h e  f i r s t  

of t h e s e  u s i n g  a small aggrega te  t o  produce a n  average  t e x t u r e  d e p t h  of 0 . 3 4  mn. 

The second a s p h a l t  s u r f a c e  w a s  c l a s s i f i e d  a s  l a r g e  aggrega te  ( s t o n e  s i z e  d i d  

n o t  exceed 1 /2- inch  i n  dimension) and had an average  t e x t u r e  d e p t h  of 0 .56  mm. 

The 
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The f i f t h  and f i n a l  s u r f a c e  w a s  smooth wet i ce .  To o b t a i n  t h i s  s u r f a c e ;  a 

200-foot l e n g t h  of t h e  t r a c k  was r e f r i g e r a t e d  and water placed on t h i s  s u r f a c e  

f r o z e n .  A t  t h e  t i m e  of t e s t i n g ,  t h e  i c e  s u r f a c e  was l i g h t l y  sprayed w i t h  

water t o  produce a water f i l m  on t h e  i c e  s u r f a c e .  

Damp runways.- A ser ies  of smooth-tread braking  tes ts  w a s  made on t h e  

f i v e  tes t  s u r f a c e s  j u s t  d e s c r i b e d  under  t h e  fo l lowing  c o n d i t i o n  of wetness .  A l l  

t e s t  s u r f a c e s  except  i ce  were f looded wi th  water t o  a d e p t h  of 0 .1  t o  0 . 2  i n c h .  

The water  w a s  then allowed t o  s tand  u n t i l  t h e  s u r f a c e s  were thoroughly sat-  

u r a t e d .  J u s t  b e f o r e  t h e  t e s t  runs  were made, t h e  s t a n d i n g  water was removed 

from each of t h e  tes t  s u r f a c e s  by means of s t i f f  b r i s t l e  t y p e  brooms. T h i s  

a c t i o n  l e f t  each of t h e  t e s t  s u r f a c e s  wi thout  any s t a n d i n g  water, bu t  damp t o  

t h e  touch and d i s c o l o r e d  i n  appearance (from d r y  c o n d i t i o n ) .  Each tes t  run was 

made immediately upon reaching  t h i s  wetness  c o n d i t i o n .  The damp s u r f a c e  condi-  

t i o n  was s e l e c t e d  t o  minimize dynamic f l u i d  p r e s s u r e  bui ldup .  Any t r a c t i o n  

l o s s  s u f f e r e d  by t h e  t e s t  t i r e s  under  t h i s  damp c o n d i t i o n  would t h e r e f o r e  be 

p r i m a r i l y  due  t o  v iscous  t y p e  hydroplaning.  The r e s u l t s  from t h i s  s tudy  are  

shown i n  f i g u r e  6 .  

Also shown i n  f i g u r e  6 i s  t h e  d r y  t r a c t i o n  curve  (from f i g .  5) obta ined  

f o r  t h e  same load and i n f l a t i o n  p r e s s u r e  c o n d i t i o n s .  

t h e  water f i l m  present  on t h e  damp smooth c o n c r e t e  s u r f a c e  was s u f f i c i e n t  t o  

produce v iscous  hydroplaning,  down t o  very  low ground speeds.  I t  can be  seen 

t h a t  t h e  v a l u e s  obta ined  on damp smooth c o n c r e t e  are e s s e n t i a l l y  as low as 

t h o s e  obtained on w e t  i ce !  The e f f e c t  of pavement t e x t u r e  i n  reducing  v i s c o u s  

hydroplaning e f f ec t s  i s  s t r i k i n g l y  i l l u s t r a t e d  by n o t i n g  t h e  d e c r e a s e  i n  t rac-  

t i o n  l o s s  encountered by t h e  t e x t u r e d  pavement s u r f a c e s  under  damp c o n d i t i o n s  

i n  f i g u r e  6 .  

These d a t a  i n d i c a t e  t h a t  
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Flooded runways.- The e f f e c t  of f l ood ing  t h e  test  s u r f a c e s  on smooth t i r e  

braking  e f f e c t i v e n e s s  i s  noted and compared wi th  damp s u r f a c e  d a t a  i n  f i g u r e  7.  

Th i s  f i g u r e  shows only  t h e  r e s u l t s  ob ta ined  on t h e  smooth c o n c r e t e  and l a r g e  

aggrega te  a s p h a l t  test s u r f a c e s .  The d a t a  obta ined  f o r  t h e  o t h e r  t es t  s u r f a c e s  

were omi t ted  f o r  c l a r i t y ,  bu t  showed similar t r e n d s  acco rd ing  t o  t h e  deg ree  of 

t e x t u r e  of t h e  test  s u r f a c e .  I n  t h i s  i n s t a n c e  ( f i g .  71, the test  runways were 

f looded  t o  a dep th  of 0.1 t o  0 .2  inch  and the  test  runs  were performed imnedi- 

a t e l y  upon r each ing  t h i s  depth .  It  can be seen t h a t  f o r  t h e  l a r g e  aggrega te  

a s p h a l t  s u r f a c e ,  t h i s  f l ood ing  r e s u l t e d  i n  a l a r g e  i n c r e a s e  i n  t r a c t i o n  l o s s  

ove r  t h e  damp r e s u l t s  a t  t h e  h i g h e r  ground speeds,  and a t o t a l  t r a c t i o n  loss 

a t  about  106 k n o t s ,  t h e  p red ic t ed  hydroplaning speed from dynamic hydroplaning  

theo ry  ( r e f .  1 2 ) .  The double  c ross -ha tched  area i n  t h i s  f i g u r e  i n d i c a t e s  t h e  

l o s s  a t t r i b u t e d  t o  dynamic hydroplaning  f o r  t h e  a s p h a l t  s u r f a c e .  

t h e  smooth c o n c r e t e  r e s u l t s ,  i t  can be seen that  f l o o d i n g  t h i s  s u r f a c e  r e s u l t e d  

i n  i n c r e a s i n g  t h e  f r i c t i o n  c o e f f i c i e n t s  s l i g h t l y  ove r  t h e  damp va lues .  

i n c r e a s e  i s  a t t r i b u t e d  t o  t h e  l a r g e r  f l u i d  d r a g  c r e a t e d  by t h e  t i r e  d i s p l a c i n g  

water from t h e  t i r e  pa th  a t  speed under t h e  g r e a t e r  water dep th  c o n d i t i o n .  

Obviously,  t h e  smooth t r e a d  t i r e  must be a l r eady  i n  a hydroplaning  state on t h e  

damp smooth c o n c r e t e  s u r f a c e ,  and f u r t h e r  i n c r e a s i n g  t h e  water dep th  h a s  l i t t l e  

e f f e c t .  

Turning t o  

Th i s  

V e r t i c a l  load and t i r e  i n f l a t i o n  p res su re  e f f e c t s . -  Reference i 6  states 

t h a t  v i s c o u s  hydroplaning  i s  n o t  g r e a t l y  a f f e c t e d  by changes i n  t i r e  v e r t i c a l  

load  and i n f l a t i o n  p r e s s u r e .  

shown i n  f i g u r e  8 f o r  t h e  f looded  smooth conc re t e  s u r f a c e .  

T h i s  conclus ion  i s  amply borne o u t  by t h e  d a t a  

It h a s  a l r e a d y  been concluded from the  p rev ious  d i s c u s s i o n  on f i g u r e  7 ,  

t h a t  t h e  d r a s t i c  t r a c t i o n  l o s s  w i th  speed on t h i s  s u r f a c e  w a s  due t o  v i scous  
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hydroplaning r e g a r d l e s s  of water depth .  

approximately doubl ing  t h e  v e r t i c a l  load (from 12,000 pounds t o  22,000 pounds) 

and t i r e  i n f l a t i o n  p r e s s u r e  (from 140 pounds pe r  square  i n c h  t o  290 pounds 

pe r  square inch )  a f f e c t e d  pav only s l i g h t l y  f o r  t h i s  s u r f a c e .  

The d a t a  i n  f i g u r e  8 i n d i c a t e  t h a t  

Dynamic hydroplaning ,  as f u r t h e r  s t a t e d  i n  r e f e r e n c e  16,  was i n s e n s i t i v e  

t o  v e r t i c a l  load changes but  was g r e a t l y  a f f e c t e d  by t h e  t i r e  i n f l a t i o n  pres-  

su re .  

t h e  t ex tu red  pavements. 

squa re  inch  tend toward minimal va lues  a t  i t s  c r i t i c a l  dynamic hydroplaning  

speed va lue  of 106 kno t s  wh i l e  t h e  d a t a  f o r  p = 290 pounds p e r  squa re  i n c h  

tend  toward i t s  minimal va lue  of 153 kno t s .  I t  should a l s o  be noted t h a t  wh i l e  

r a i s i n g  i n f l a t i o n  p r e s s u r e  i n c r e a s e s  t h e  w e t  t r a c t i o n  a t  h igh  speeds ,  t h e  

t r a c t i o n  a t  low speeds i s  reduced. 

pstatic ( f i g .  4 )  dec reases  as i n f l a t i o n  p r e s s u r e  i n c r e a s e s .  

i n c r e a s e  t i r e  t r a c t i o n  a t  h igh  speeds  on f looded  runways by r a i s i n g  t h e  t i r e  

i n f l a t i o n  p r e s s u r e ,  one must a l s o  a c c e p t  reduced t r a c t i o n  va lues  a t  lower 

speeds  on flooded runways, as w e l l  as reduced t r a c t i o n  v a l u e s  a t  a l l  speeds  on 

d ry  runways. 

This  conclus ion  i s  a l s o  v e r i f i e d  by t h e  d a t a  of f i g u r e  8 ob ta ined  on 

I t  can be  seen t h a t  t h e  d a t a  f o r  p = 140 pounds pe r  

Th i s  e f f e c t  r e s u l t s  from t h e  f a c t  t h a t  

I f  one seeks  t o  

Pavement s u r f a c e  t e x t u r e  and RroovinR e f f e c t s . -  The d a t a  shown i n  

f i g u r e s  6 through 8 have demonstrated t h e  impor tance  of p rov id ing  a n  adequa te  

t e x t u r e  t o  pavement s u r f a c e s  so as t o  minimize t r a c t i o n  l o s s e s  from v i scous  

hydroplaning. I t  i s  a l s o  b e l i e v e d  (see r e f .  16) t h a t  t h e  more open-textured 

type  pavement s u r f a c e s  a l s o  h e l p  t o  a l l e v i a t e  t r a c t i o n  l o s s e s  from dynamic 

hydroplaning by provid ing  more escape p a t h s  f o r  t h e  water t rapped  between t h e  

t i r e  f o o t p r i n t  and ground. 

p r e s s u r e  a l l e v i a t i o n  as shown i n  f i g u r e  9 ,  adapted  from r e f e r e n c e  20. 

Pavement grooving  p rov ides  similar dynamic f l u i d  

Some 
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v i scobs  f l u i d  p r e s s u r e  a l l e v i a t i o n  should a l s o  be  provided by t h e  s h a r p  edges 

of t h e  grooves when c o n t a c t i n g  t h e  t i r e  t r ead  su r face .  The d a t a  shown in 

f i g u r e  9 i n d i c a t e  t h a t  t h e  3/8-inch by 3/8-inch on 2-inch c e n t e r s  t r a n s v e r s e  

grooves i n v e s t i g a t e d ,  more than  doubled t h e  water dep th  r equ i r ed  f o r  dynamic 

hydroplaning t o  t a k e  p lace .  

grooved s u r f a c e  is probably very low due t o  t h e  extremely h igh  r a i n f a l l  rates 

requ i r ed  t o  d e p o s i t  and main ta in  a water depth of ove r  0.4 i n c h e s  on t h e  runway 

s u r f  ace. 

The frequency of hydroplaning occur r ing  on such a 

Measurement of pavement t e x t u r e  depth . -  A s  can be i n f e r r e d  from t h e  

d i s c u s s i o n s  t h u s  f a r ,  pavement s l i p p e r i n e s s  i s  r e l a t e d  d i r e c t l y  t o  t h e  pavement 

s u r f a c e  t e x t u r e  and i t s  a b i l i t y  or  i n a b i l i t y  t o  a l l e v i a t e  dynamic and v i scous  

f l u i d  p r e s s u r e  bui ldup.  

poss ib ly  c o r r e l a t e d  wi th  some c h a r a c t e r i s t i c  of t h e  phys ica l  make up  of t h e  

t e x t u r e  such as a s p e r i t y  s i z e ,  shape, number pe r  square  i n c h  and so on. R e -  

s ea rch  a long  t h e s e  l i n e s ,  f o r  example, is being conducted by Moore (Corne l l  

Aeronaut ica l  Labora tory) ,  Kummer and Meyer (Pennsylvania  S t a t e  Un ive r s i ty )  , 

and Sugg ( B r i t i s h  M i n i s t r y  of Avia t ion) .  

It t h u s  fo l lows  t h a t  pavement s l i p p e r i n e s s  can be  

Joyner  of t h e  Langley Research Center  ( r e f .  18)  h a s  developed a s imple  

g r e a s e  t echn ique  t o  de te rmine  t h e  average  t e x t u r e  dep th  of a pavement s u r f a c e  

f o r  u s e  as a c h a r a c t e r i s t i c .  H i s  method i s  simply t o  spread a known q u a n t i t y  

or' g r e a s e  on t h e  pavement s u r f a c e  wi th  a rubber squeegee. 

c a r e f u l l y  cover t h e  complete s u r f a c e  wi th  t h e  squeegee u n t i l  t h e  g r e a s e  r u n s  

o u t .  The ave rage  t e x t u r e  dep th  f o r  t h e  s u r f a c e  i s  then  t h e  q u o t i e n t  of t h e  

g r e a s e  volume used d iv ided  by t h e  s u r f a c e  a r e a  covered. An i l l u s t r a t i o n  of t h i s  

g r e a s e  measurement procedure i s  g iven  i n  f i g u r e  10. 

t e x t u r e  d e p t h  wi th  b rak ing  t r a c t i o n  f o r  the  test  runway s u r f a c e s  a t  t h e  t r a c k  

The o b j e c t  i s  to  

The c o r r e l a t i o n  of ave rage  
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i s  g iven  i n  f i g u r e  11. 

c r e a s i n g  t h e  s u r f a c e  t e x t u r e  i n c r e a s e s  brak ing  t r a c t i o n  U P  t o  what a p p e a r s  t o  

be a c r i t i c a l  t e x t u r e  d e p t h .  F u r t h e r  i n c r e a s e  i n  t e x t u r e  depth  beyond t h i s  

p o i n t  i n c r e a s e s  t r a c t i o n  only  s l i g h t l y .  

i n  f i g u r e  1 2 .  

I t  i s  i n t e r e s t i n g  t o  n o t e  i n  t h i s  f i g u r e ,  t h a t  i n -  

Photographs of t h e  s u r f a c e s  a re  shown 

I t  i s  important  t h a t  more c o r r e l a t i o n s  of brak ing  t r a c t i o n  wi th  average  

t e x t u r e  depth  on a c t u a l  o p e r a t i o n a l  pavement s u r f a c e s  be undertaken t o  more 

c l e a r l y  d e f i n e  t h i s  p o i n t .  

s imilar  techniques ,  t o  survey t h e  runways i n  o p e r a t i o n  today i n  o r d e r  t o  d e f i n e  

a s tandard runway s u r f a c e  t e x t u r e  o r  t e x t u r e  depth .  When t h i s  i s  done, then  

i t  w i l l  be p o s s i b l e  t o  q u i c k l y  determine when a pavement s u r f a c e  needs t o  be  

r e p a i r e d  o r  replaced due t o  i t s  poor brak ing  t r a c t i o n  q u a l i t i e s  when w e t  o r  

f looded .  

It i s  a l s o  important  t o  u s e  t h i s  technique  o r  

T i r e  t r e a d  d e s i g n  e f f e c t s  on f looded runways.- Braking Performance of 

smooth t r ead  a i r c r a f t  t i r e s  on most w e t  o r  f looded runway s u r f a c e s  i s  g r e a t l y  

improved by c u t t i n g  o r  molding a series of c i r c u m f e r e n t i a l  grooves i n t o  t h e  

t i r e  t read .  I t  h a s  been found t h a t  t h e  r e s u l t i n g  w e t  t r a c t i o n  improvement o v e r  

smooth t r ead  t i r e  performance i s  due t o  two e f f e c t s .  F i r s t ,  t h e  low p r e s s u r e  

channels  formed i n  t h e  t i r e  f o o t p r i n t  by t h e  t r e a d  grooves and runway s u r f a c e  

tremendously f a c i l i t a t e  water d r a i n a g e  from t h e  f o o t p r i n t  area even under  

deeply  flooded runway c o n d i t i o n s .  T h i s  e f f e c t  d i s a p p e a r s ,  however, as t h e  

c r i t i c a l  dynamic hydroplaning speed i s  neared o r  exceeded as  shown i n  f i g u r e  13. 

A s  a r e s u l t  of t h e  b e t t e r  d r a i n a g e ,  t r a c t i o n  performance of t h e  grooved t i r e  

i s  g r e a t l y  improved over  t h e  smooth t i r e  a t  sub-hydroplaning speeds.  I t  i s  

impor tan t ,  however, t o  n o t e  i n  f i g u r e  13 how r a p i d l y  t h i s  b e n e f i t  i s  lost  as  

t h e  t i r e  t r e a d  wears, o r  as  t h e  groove d e p t h  d e c r e a s e s .  
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'The second e f f e c t  t o  be d i scussed  i s  the  a b i l i t y  of t h e  s h a r p  edges o r  

c o r n e r s  of t h e  t r e a d  grooves t o  p e n e t r a t e  and d i s p l a c e  t h e  v i scous  f l u i d  f i l m  

s e p a r a t i n g  t h e  t i r e  from t h e  pavement. Adhesion between t i r e  and ground i s  

t h u s  rega ined  a long  t h e  l i n e  of pavement con tac t  of t h e  groove edges,  which 

i n c r e a s e s  t r a c t i o n  of grooved t i res  ove r  smooth t r e a d  t i res  on t h e  smoother w e t  

pavements. Automobile t i r e  manufac turers  have found t h a t  t h e  a d d i t i o n  of 

c l o s e l y  spaced s i p e s  o r  small k n i f e  c u t s  i n  t h e  r i b  areas of c i r c u m f e r e n t i a l l y  

grooved t i res  i n c r e a s e s  t r a c t i o n  on w e t  smooth s u r f a c e s  t o  a much g r e a t e r  

e x t e n t  t han  grooving a l o n e  provides .  

been provided i n  h igh  performance a i r c r a f t  t i res  due t o  t r e a d  chunking o r  

t r e a d  r e t e n t i o n  problems. With t h e  r ap id  advances t h a t  have been made i n  t h e  

last few y e a r s  i n  rubber  compounding which have improved t r e a d  c u t t i n g  and 

r e t e n t i o n  c h a r a c t e r i s t i c s  g r e a t l y ,  the s i p i n g  of a i r c r a f t  t ires should be 

reexamined. 

U p  t o  t h i s  t i m e  t h i s  f e a t u r e  h a s  no t  

T i r e  t r e a d  des ipn  e f f e c t s  on w e t  runways.- Grooving t i r e  t r e a d s  shows t o  

even g r e a t e r  advantage when runways are j u s t  w e t  and puddled (water dep th  less 

than  t r e a d  groove dep th )  t han  when t h e  runway i s  deeply  f looded .  

water d r a i n a g e  i n  t h e  t r e a d  grooves does not become choked u n t i l  speeds i n  

excess  of t h e  hydroplaning speed are a t t a i n e d  as shown i n  f i g u r e  14. Again, 

t h i s  b e n e f i t  d e c r e a s e s  as t r e a d  wear i n c r e a s e s ,  o r  as groove depth  dec reases .  

I n  t h i s  case, 

T i r e  t r e a d  d e s i a n  e f f e c t s  on ice-covered runways.- For  a number of y e a r s ,  

t i r e  manufac tu re r s  have been requested t o  provide a i r c r a f t  o p e r a t o r s  w i t h  

" ice-gr ip"  t i res .  These s p e c i a l  t i res  have thousands of chopped u p  p i eces  

of s m a l l  d i a m e t e r  w i r e s  molded i n t o  t h e  t i re  t r e a d  t h a t  become exposed as t h e  

t r e a d  s u r f a c e  wears. It  i s  widely be l ieved  t h a t  t h i s  f e h t u r e  i n c r e a s e s  t h e  

g r i p  of t h e  t i r e  on i c y  pavements. A t  t h e  r eques t  of t h e  A i r  Force,  t h r e e  
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" ice-gr ip"  t ires having d i f f e r e n t  wire c o n t e n t  were t e s t e d  on t h e  ice-covered 

runway of t h e  t r a c k  t h i s  p a s t  summer, and t h e  r e s u l t s  ob ta ined  are shown i n  

f i g u r e  15. 

improvement i n  t r a c t i o n  on t h e  i c e  s u r f a c e  over  t h a t  ob ta ined  wi th  a smooth 

It can be seen  t h a t  t h e  i c e - g r i p  f e a t u r e  does  n o t  provide  a r a d i c a l  

t r e a d  t i r e  wi thout  t h e  w i r e .  I t  i s  n o t  known a t  t h i s  time whether t h i s  i m -  

provement r e s u l t e d  from t h e  i c e - g r i p  f e a t u r e  o r  from t h e  three-grooves o r  t h e  

i c e - g r i p  t i r e  t r e a d  d e s i g n .  

were cons t ruc t ed  u s i n g  t h e  same mold and rubber  compounds, and on ly  t h e  wire 

c o n t e n t  and groove des ign  v a r i e d  between t h e  tires. 

obta ined  by t h e  " ice-gr ip"  t i res  do n o t  exceed g r e a t l y  t h e  f r e e  r o l l i n g  resist- 

ance  of t h e  t i r e  on d r y  pavements ( f i g .  51, i t  i s  concluded, t h e  i c e - g r i p  

f e a t u r e  has l i t t l e  e f f e c t  on t i r e  t r a c t i o n  f o r  t h e  w e t  i ce  c o n d i t i o n s  inves -  

t i g a t e d .  

I t  should be noted t h a t  t h e  f o u r  t i r e s  t e s t e d  

S ince  t h e  t r a c t i o n  v a l u e s  

Fluid v i s c o s i t y  and s l u s h  e f f e c t s . -  I t  was demonstrated i n  r e f e r e n c e  16 

t h a t  i n c r e a s i n g  f l u i d  v i s c o s i t y  inc reased  t h e  f l u i d  p r e s s u r e s  developed be- 

tween t i r e  and ground. T h i s  r e s u l t s  i n  v i s c o u s  hydroplaning  o c c u r r i n g  a t  

lower ground speed as t h e  f l u i d  v i s c o s i t y  i s  i n c r e a s e d ,  o r  a g r e a t e r  t r a c t i o n  

l o s s  a t  the  same speed when two f l u i d s  of d i f f e r i n g  v i s c o s i t y  are  compared. 

Th i s  r e s u l t  i s  i l l u s t r a t e d  by f i g u r e  16. It  can be seen  t h a t  t r a c t i o n  l o s s  a t  

low speeds (where dynamic e f f e c t s  are un impor t an t )  i s  much g r e a t e r  on t h e  more 

v i scous  s l u s h  than  on t h e  water-covered runway. These tes ts  were conducted on 

a moderately t ex tu red  c o n c r e t e  runway. It  i s  b e l i e v e d ,  bu t  n o t  s u b s t a n t i a t e d ,  

t h a t  t h e s e  l o s s e s  could be dec reased  by i n c r e a s i n g  t h e  t e x t u r e  of t h e  s u r f a c e .  

Tread Reversion E f f e c t s  

Examples of sk idd ing  a c c i d e n t s . -  A r e c e n t  survey  of c o n d i t i o n s  t h a t  p re -  

v a i l e d  dur ing  landing  a c c i d e n t s  on w e t  runways uncovered a very  i n t e r e s t i n g  
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d e p a r t u r e  o f f  t h e  s i d e  of t h e  runway o r  i n  an  over run  (bo th  types  of a c c i d e n t s  

i n d i c a t e  d r a s t i c  l o s s  of t i r e  t r a c t i o n ) ,  t h e  runway s u r f a c e  w a s  found t o  have 

developed wh i t e  s t r e a k s  i n  t h e  t ire pa ths ,  and t h e  a i r c r a f t  t i res  showed e v i -  

dences of prolonged locked wheel s k i d s  w i t h  i n d i c a t i o n s  of rubber  r e v e r t i n g  t o  

i from molten rubber  e roding  from t h e  t i r e  a r e  immediately depos i t ed  i n  t h e  t i r e  

pa ths .  While f r i c t i o n  dec reases  under  t h i s  c o n d i t i o n ,  s t i l l  a t  least  1/3 of  

I t h e  maximum d r y  f r i c t i o n  c o e f f i c i e n t  i s  a v a i l a b l e  f o r  s topp ing  t h e  a i r c r a f t ,  

as shown i n  f i g u r e  2. 

o r  dynamic hydroplaning must be a t  work t o  prevent  t h e  sk idding  t i r e  on w e t  

t e x t u r e d  pavements from c o n t a c t i n g  t h e  pavement and developing  t r a c t i o n ,  

e s p e c i a l l y  a t  t h e  very  low ground speeds i n d i c a t e d .  

It t h u s  appea r s  that some mechanism o t h e r  t han  v i scous  

Examples  of r eve r t ed  rubber  i n  sk idding  f o o t p r i n t s . -  The r e v e r t e d  rubber  

t r e a d  c o n d i t i o n  w a s  pointed o u t  as e a r l y  as 1943 by Hardman and Gough i n  an  

unpubl i shed  memorandum of t h e  Dunlop Rubber LTD., England. I n  t h i s  case, t h e  

r e v e r t e d  rubbe r  developed d u r i n g  locked wheel s k i d s  on w e t  g r a s s  (see f i g .  i 9 i .  

Hardman and Gough s t a t e d  t h a t ,  "Examination of t h e  t r e a d  b l i s t e r s  revea led  that 

the d e t e r i o r a t i o n  w a s  of a f i n e  p o r o s i t y  i n  a t h i n  l a y e r  parallel t o  and j u s t  

below (abou t  .02 i nch )  t h e  o r i g i n a l  t r e a d  su r face .  Th i s  p o r o s i t y  resembled 

o v e r h e a t i n g  of t h e  rubber  due t o  l o c a l  a t t a inmen t  of tempera tures  around 2OO0C 

(392'F). The t r e a d  s u r f a c e  i t s e l f  w a s ,  however, u n a l t e r e d  and showed t h e  
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o r i g i n a l  s u r f a c e  c r a c k s  and f i n e  a b r a s i o n  marks. 

i n c h e s  t h i c k  showed no trace a t  a l l  of any e f f e c t s  of h igh  tempera ture .  T h i s  

s u r f a c e  f i l m  was, however, t o r n  away i n  p l aces  having a "scabby" appearance 

(as  shown i n  f i g .  1 9 ) .  The p o r o s i t y  ex tends  under  a l l  adhe r ing  p i e c e s  of  s u r -  

f a c e  f i l m  and i s  q u i t e  tacky when t h e  l a t t e r  i s  t o r n  o f f . "  Hardman and Gough 

f u r t h e r  s t a t e d  t h a t  p u f f s  of steam o r  white smoke were v i s i b l e  a t  p o i n t s  a long  

t h e  whole l e n g t h  of t h e  " s l i d e "  (about  200 o r  300 ya rds )  a f t e r  touchdown. 

Th i s  f i l m  which w a s  about  .01 

Fur the r  examples of t r e a d  r e v e r s i o n  a re  shown i n  f i g u r e s  17, 18, 2 0 ,  21, 

and 22. These examples show t h e  tacky porous r eve r t ed  rubber  mentioned by 

Hardman and Gough bu t  do no t  show t h e  undamaged s u r f a c e  l a y e r  they  mentioned. 

I t  perhaps was des t royed  d u r i n g  t h e  low speed ranges  of t h e  s k i d s .  S ince  t h e  

examples c i t e d  cover  such a l a r g e  range of a i r c r a f t  t y p e s ,  i t  i s  suspec ted  

t h a t  most a i r c r a f t  can s u f f e r  o r  expe r i ence  t h i s  phenomenon d u r i n g  prolonged 

wheel s k i d s  on w e t  o r  f looded runways. 

Dup l i ca t ion  of r e v e r t e d  rubber  c o n d i t i o n  d u r i n a  t r a c k  t e s t s . -  A ser ies  

of t es t s  was made a t  t h e  t r a c k  d u r i n g  t h i s  p a s t  summer w i t h  t i r e  locked t o  

prevent  r o t a t i o n  on d r y ,  w e t ,  and f looded  runways a t  speeds  ranging  from 

about  25 t o  100 kno t s .  A t y p i c a l  f o o t p r i n t  o f  a smooth t r e a d  t i r e  a f t e r  a 

467-foot sk id  a t  78 k n o t s  ground speed on a f looded  runway i s  shown i n  f i g u r e  23 

I n  t h i s  p a r t i c u l a r  t e s t ,  t h e  t i r e  was a l lowed t o  sk id  f i r s t  a long  62 f e e t  of a 

d r y  smooth c o n c r e t e  runway t o  produce mol ten  o r  r e v e r t e d  rubber  i n  t h e  t r e a d ;  

t h e  rest  of t h e  sk id  took p l a c e  on t h e  runway f looded  t o  a d e p t h  of 0 . 1  t o  

0 . 2  i nch .  O the r  t es t s  were made where t h e  s k i d  w a s  i n i t i a t e d  on e i t h e r  damp 

o r  flooded smooth c o n c r e t e ,  and a l s o  f o r  a n  a l t e r n a t e l y  w e t  and puddled runway 

c o n d i t i o n .  Under a l l  c o n d i t i o n s  of  t e s t ,  if r e v e r t e d  rubber  developed i n  t h e  

f o o t p r i n t ,  t h e  t r a c t i o n  va lues  f e l l  t o  v e r y  l o w  v a l u e s  i n  comparison t o  t h o s e  
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obta ined  w i t h  t h e  t i r e  under  normal rubber  c o n d i t i o n s  i n  t h e  t r e a d  (see f i g s .  

24 ,  25, and 2 6 ) .  A s  shown i n  f i g u r e  27,  t h e  r e v e r t e d  rubber  c o n d i t i o n  t e n d s  

t o  make a l l  runway s u r f a c e s  smooth a c t i n g .  Pavement s u r f a c e  t e x t u r e  which, 

as d i s c u s s e d  earlier,  h a s  such a l a r g e  e f f e c t  on t r a c t i o n  l o s s e s  from dynamic 

and v i s c o u s  hydroplaning (normal rubber  c u r v e s ) ,  h a s  but  l i t t l e  e f f e c t  f o r  t h e  

r e v e r t e d  rubber  case f o r  t h e  t e x t u r e  d e p t h  range shown. 

Formation of r e v e r t e d  rubber  i n  t h e  skidding f o o t p r i n t . -  Data a t  t h e  

p r e s e n t  t i m e  are so l i m i t e d  regard ing  t h e  formation of r e v e r t e d  rubber i n  t h e  

sk idding  f o o t p r i n t  on w e t  runways t h a t  t o  d i s c u s s  i t  a t  a l l  may b o r d e r  on 

s p e c u l a t i o n .  However, some f a c t s  are known about  t h e  process .  Reverted 

rubber  can b e  obta ined  r e a d i l y  on d r y  runways j u s t  by sk idding  t h e  t i r e  a 

s h o r t  d i s t a n c e .  Perhaps t h e  process  i s  i n i t i a t e d  a t  touchdown on w e t  runways 

w h i l e  t h e  wheels  are s topped,  depending upon c e r t a i n  as y e t  unknown pavement 

t e x t u r e ,  wetness ,  and ground speed c o n d i t i o n s .  

Genera t ion  of steam i n  t h e  sk idding  t i re  f o o t p r i n t ,  f i r s t  mentioned by 

Obertop ( r e f .  211, o f f e r s  a n  e x p l a n a t i o n  f o r  t h e  r e v e r t e d  rubber  and t h e  re- 

duced t r a c t i o n  t h a t  may be  developed by t i res  a t  very low speeds on t e x t u r e d  

and u n t e x t u r e d  s u r f a c e s .  It may be  noted t h a t  t h e  steam p r e s s u r e  i n  t h e  f o o t -  

p r i n t ,  if developed,  must c l o s e l y  equal  t h e  t i re-ground b e a r i n g  p r e s s u r e  a t  

a l l  speeds.  Moreover,  i f  steam i s  formed, t h e n  i t  must be  super-heated steam, 

and f o r  a i r c r a f t  t i r e  i n f l a t i o n  p r e s s u r e  ranges,  t h i s  temperature  i s  s u f f i -  

c i e n t l y  h i g h  t o  m e l t  t h e  rubber  t r e a d  s u r f a c e .  Thus, once t h e  r e v e r t e d  condi- 

t i o n  s ta r t s ,  i t  i s  p o s s i b l e  t o  have a steam pump e s t a b l i s h e d  i n  t h e  f o o t p r i n t ,  

t h a t  keeps  r e v e r t e d  rubber  forming t o  e f f e c t  a n  e f f i c i e n t  seal, which permi ts  

h i g h  steam p r e s s u r e s  t o  p e r s i s t  r i g h t  down t o  a s t o p  on t h e  runway. The steam 

P r e s s u r e  t e n d s  t o  l i f t  t h e  t i r e  away from t h e  pavement s u r f a c e  and t h u s  reduce 
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t r a c t i o n  on w e t  s u r f a c e s  i n  a manner s imilar  t o  t h e  f l u i d  p r e s s u r e  b u i l d u p  

from viscous  and dynamic hydroplaning e f f e c t s .  

t h e  white  s t r e a k s  developed i n  t h e  t i r e  pa ths  of a i r c r a f t  d u r i n g  s k i d d i n g  

a c c i d e n t s  on w e t  runways. I n  e f f e c t ,  t h e s e  p a t h s  are  be ing  c l e a r e d  of d i r t  

and o t h e r  contaminants  by h igh  p r e s s u r e  super-heated steam. 

I 
Steam theory  a l s o  h e l p s  e x p l a i n  I 

, 

With r e f e r e n c e  t o  t h e  q u e s t i o n  of temperature  bui ldup  i n  t h e  f o o t p r i n t ,  l 

a few pre l iminary  t e s t s  were made. I n  r e f e r e n c e  16 ,  a locked automobile  t i r e  

was allowed t o  s k i d  u p  t o  257 f e e t  on  a smooth runway s u r f a c e  covered w i t h  

water t o  a d e p t h  of 0.04 i n c h .  A thermocouple embedded i n  a h o l e  i n  t h e  t r e a d  

s u r f a c e  measured t h e  t r e a d  temperature  c l o s e  t o  t h e  t r e a d  s u r f a c e  i n  t h e  f o o t -  

I 

j 

p r i n t .  Under t h e s e  t e s t  c o n d i t i o n s ,  i n s i g n i f i c a n t l y  low t r e a d  s u r f a c e  temper- I 
I 
I 

a t u r e  r i s e s  occurred over  ground speeds ranging  from 3 t o  63 k n o t s  when t h e  

automobile t i r e  w a s  i n f l a t e d  t o  p r e s s u r e s  ranging  from 16 t o  40 pounds p e r  

square  inch .  T h i s  r e s u l t  i n d i c a t e d  steam w a s  n o t  formed d u r i n g  t h e  automobile  

t i r e  prolonged s k i d .  On t h e  o t h e r  hand, a 32 x 8.8 a i r c r a f t  t i r e  w a s  s i m i l a r l y  

equipped wi th  thermocouples (see f i g .  28) a t  t h e  t r a c k .  The peak tempera tures  

experienced by t h i s  a i r c r a f t  t i r e  a t  t h e  end of approximately 65-foot long 

s k i d s  a t  77 knots  ground speed on a damp smooth c o n c r e t e  s u r f a c e ,  s imilar  i n  

smoothness t o  t h e  one used f o r  t h e  au tomobi le  t i r e  tes t s ,  are  shown i n  f i g u r e  

29. I t  can be seen from t h i s  f i g u r e  t h a t  t h e  peak tempera ture  d e c r e a s e s  as 

t h e  t i r e  i n f l a t i o n  p r e s s u r e  d e c r e a s e s  which perhaps e x p l a i n s  t h e  lower a u t o -  

mobile t r ead  temperature .  Apparent ly ,  t empera ture  b u i l d u p  on t h e  t r e a d  s u r f a c e  

of a sk idding  t i r e  on w e t  s u r f a c e s  i s  r e l a t e d  t o  t h e  u n i t  p r e s s u r e  t h e  t i r e  i s  

developing i n  t h e  sk id  patch on t h e  pavement. F u r t h e r ,  i t  w i l l  be n o t i c e d  i n  

f i g u r e  29 t h a t  t r e a d  s u r f a c e  t e m p e r a t u r e s  are  h i g h e r  n e a r  t h e  c e n t e r  of t h e  

f o o t p r i n t .  Another i n t e r e s t i n g  r e s u l t  o b t a i n e d  from t h i s  s tudy  i s  shown i n  
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f igurC 30. I t  can be seen t h a t  t h e  temperature  of t h e  t r e a d  s u r f a c e  rises 

I qu ick ly  on t h e  smooth damp conc re t e  s u r f a c e  then f a l l s  a b r u p t l y  when a more 

~ t ex tu red  s u r f a c e  i s  encountered.  

Thus t h e s e  i n i t i a l  r e s u l t s  i n d i c a t e  that r e v e r t e d  rubber  may form and 

poss ib ly  provide  b e t t e r  s e a l i n g  around t h e  per iphery  of t h e  f o o t p r i n t  (see 

f i g .  23) t han  normal rubber ,  t h u s  a l lowing  a very  t h i n  f i l m  of water t o  be  I 

1 t rapped i n  t h e  f o o t p r i n t ,  hea ted  up,  and t o  p o s s i b l y  change state i n t o  steam 

as p red ic t ed  by Obertop ( r e f .  21) .  T h i s  d i s c u s s i o n  i s  based on very  l i m i t e d  

d a t a  and i t  may have t o  be modif ied when r e s u l t s  of more complete s t u d i e s  of 

, t h i s  phenomenon are a v a i l a b l e .  
I 

I 

I M u l t i p l e  r eve r t ed  rubber  s k i d  pa tches . -  The surmise of t h e  prev ious  
I 
I 
I s e c t i o n , t h a t  t h e  r e v e r t e d  rubber  may be i n i t i a t e d  du r ing  t h e  touchdown s k i d ,  

I 
I 
I does  n o t  e x p l a i n  numerous c a s e s  where m u l t i p l e  r e v e r t e d  rubber  sk id  pa tches  

1 deve lop  around t h e  t i r e  circumference such as  shown i n  f i g u r e  21. For t h e s e  

c a s e s ,  i t  i s  be l i eved  t h a t  i n t e r m i t t e n t  wheel lockups from b rak ing ,  e i t h e r  

p i l o t  o r  a n t i - s k i d  a c t u a t e d ,  causes  t h e  m u l t i p l e  pa tches .  Th i s  exp lana t ion  i s  

borne o u t  by t h e  f i l m  sequences shown i n  r e fe rence  22 of t h e  a c t i o n  of an  

a n t i - s k i d  equipped bogie  landing  g e a r  of a supersonic  bomber du r ing  w e t  

l and ings .  These sequences show wheel lockups f o r  as long as 21 seconds,  and 

s u c c e s s i v e  wheel lockups be fo re  t h e  wheels have regained f r e e  ro l l  r o t a t i o n a l  

v e l o c i t y .  Thus,  t h e  a n t i - s k i d  system appears  t o  permit  t h e  tires t o  o p e r a t e  

( f o r  t h i s  low t i re -ground f r i c t i o n  c o e f f i c i e n t  regime) on t h e  back s i d e  of 

k - s l i p - r a t i o  curve  of f i g u r e  1. 

Summary Remarks on T i r e  Braking Trac t ion  on Fluid-Covered Runways 

The preceding  s e c t i o n s  of t h e  paper  have at tempted t o  show t h a t  v i scous  

hydrop lan ing ,  dynamic hydroplaning,  and t ire t r e a d  r e v e r s i o n  a l l  can ,  depending 

2 1  



upon c o n d i t i o n s ,  c r e a t e  t o t a l  loss of t i r e  t r a c t i o n  on f lu id-covered  pavements. 

Fo r tuna te ly ,  t h e  c r i t i c a l  c o n d i t i o n s  r equ i r ed  of t h e  t i r e ,  pavement, o r  a i r -  

c r a f t  f o r  each  of t h e s e  phenomena t o  ach ieve  t o t a l  t r a c t i o n  l o s s  a r e  d i f f e r e n t .  

T h i s  makes p o s s i b l e  c e r t a i n  avenues of approach t o  combat and a l l e v i a t e  each 

hydroplaning type.  For example, t h e  c r i t i c a l  parameter f o r  v i scous  hydro- 

p l an ing  i s  pavement s u r f a c e  t e x t u r e .  

t h e  runway s u r f a c e ,  t hen ,  v i scous  l o s s e s  a re  g r e a t l y  a l l e v i a t e d  ove r  a l l  oper-  

a t i n g  speed, i n f l a t i o n  p r e s s u r e ,  and t i r e  t r e a d  cond i t ion  ranges .  

I f  an  adequate  t e x t u r e  i s  provided on 

On the  o t h e r  hand, t h e  c r i t i c a l  requirement  f o r  dynamic hydroplaning  t o  

occur  i s  f l u i d  depth  on t h e  pavement. 

by a i r  je ts  o r  o the rwise ,  e l i m i n a t e s  dynamic hydroplaning  as a problem. T h i s  

i s  what t i r e  t r e a d  d e s i g n s  can do s a t i s f a c t o r i l y  u p  t o  a c e r t a i n  ground speed 

dependent upon i n f l a t i o n  p res su re  and f l u i d  d e p t h  c o n d i t i o n s .  Once t h i s  

c r i t i c a l  ground speed i s  exceeded, then  t o t a l  t r a c t i o n  l o s s  occur s  u n t i l  

e i t h e r  t h e  speed o r  t h e  f l u i d  dep th  i s  reduced below c r i t i c a l  va lues .  

Removing t h e  f l u i d  from t h e  t i r e  p a t h s ,  

F i n a l l y ,  l e t  u s  d i s c u s s  t h e  t r e a d  r e v e r s i o n  case which deve lops  d u r i n g  a 

prolonged wheel s k i d .  It  i s  p o t e n t i a l l y  t h e  g r a v e s t  problem because t h e  min- 

imum requirement f o r  i t  t o  occur ,  as f a r  as t h e  c o n d i t i o n  of pavement i s  con- 

ce rned ,  appears t o  be only  t h a t  i t  be smooth and damp (which can happen p r a c t i -  

c a l l y  every t i m e  i t  r a i n s ) .  The p reven t ion  of t r e a d  r e v e r s i o n  can  b e  s t a t e d  

simply bu t  may be  d i f f i c u l t  t o  ach ieve  i n  p r a c t i c e ;  i t  i s ,  p reven t  the  wheel 

lockup,  o r  keep  t h e  wheel t u r n i n g  under  a l l  braked and unbraked c o n d i t i o n s  on 

t h e  runway. 

The a l l e v i a t i o n  of t r a c t i o n  l o s s e s  on w e t  runways n o t  on ly  by v i s c o u s  

and dynamic hydroplaning but  a lso by t i r e  t r e a d  r e v e r s i o n  h a s  been t h e  s u b j e c t  

of r e c e n t  and con t inu ing  r e s e a r c h  a t  t h e  l and ing  loads  t r a c k .  Some of  t he  

more promising means t h a t  have been s t u d i e d  a re  d i s c u s s e d  i n  t h e  fo l lowing  
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. 
s e c t i o n  of t h e  paper.  

SOME PROMISING MEANS OF IMPROVING TIRE TRACTION ON WET SURFACES 

Pavement Sur face  Tex tu re  

The paramount importance of pavement s u r f a c e  t e x t u r e  i n  a l l e v i a t i n g  

v iscous  t r a c t i o n  l o s s e s  h a s  been d i scussed  a t  l e n g t h  i n  t h i s  paper.  U n t i l  

r e c e n t l y ,  t h e  t e x t u r e  c o n d i t i o n  of t h e  s u r f a c e  of an  average  runway h a s  

n o t  been d e f i n e d ,  except  l oose ly  i n  terms of word a d j e c t i v e s .  One r e a l l y  d i d  

no t  know whether o r  no t  a p a r t i c u l a r  s u r f a c e  had an adequate  t e x t u r e  when w e t .  

I t  i s  now f e l t  t h a t  t h e  fundamentals of t r a c t i o n  l o s s e s  on w e t  runways are 

w e l l  enough understood so t h a t  a s tandard  o r  r e f e r e n c e  runway s u r f a c e  can be 

de f ined  . 
It i s  impor t an t ,  f o r  t h i s  purpose,  t o  be a b l e  t o  d e s c r i b e  q u a n t i t a t i v e l y  

t h e  r e l a t i v e  s l i p p e r i n e s s  of pavements i n  terms of some e a s i l y  measured pave- 

ment s u r f a c e  parameters  such as t h e  average t e x t u r e  dep th  desc r ibed  earlier 

i n  t h e  paper .  I n  a d d i t i o n ,  t h e  work of Moore (Corne l l  Aeronaut ica l  Labora to ry ) ,  

Kummer and Meyer (Pennsylvania  S t a t e  U n i v e r s i t y ) ,  Sugg ( B r i t i s h  M i n i s t r y  of 

Av ia t ion )  and o t h e r s  has  pointed i n  t h i s  d i r e c t i o n .  I t  i s  suggested that t h e s e  

t echn iques  be c a r e f u l l y  s tud ied  and t h e  most promising one s e l e c t e d  f o r  u s e  i n  

a survey of a s ta t i s t ica l  sample of o p e r a t i o n a l  runway s u r f a c e s  i n  u s e  today.  

I n  t h i s  su rvey ,  t h e  f r i c t i o n a l  q u a l i t i e s  of t h e  s u r f a c e s  when w e t  must a l s o  

be  de te rmined .  The most d i r e c t  bu t  also most expensive way t o  e s t a b l i s h  t h e  

c o r r e l a t i o n  between w e t  b rak ing  f r i c t i o n  and pavement t e x t u r e  would be t o  con- 

d u c t  b rak ing  tes ts  u s i n g  f u l l - s c a l e  a i r c r a f t .  

ins t rumented  ground-based v e h i c l e s  should no t  be ru l ed  ou t  f o r  t h i s  purpose.  

As a c o n t r i b u t i o n  t o  t h e  development of the u s e  of ground-based v e h i c l e s  f o r  

It i s  f e l t  t h a t  t h e  use  of 
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measuring a i rc raf t - to- runway t r a c t i o n ,  t h e  fo l lowing  d i s c u s s i o n  i s  o f f e r e d .  

Previous  f r i c t i o n  c o r r e l a t i o n s  t aken  w i t h  ground-based v e h i c l e s  have no t  

accounted f o r  t h e  u s u a l l y  widely d i f f e r e n t  t i r e  i n f l a t i o n  p r e s s u r e s  t h a t  e x i s t  

between a i r c r a f t  and ground v e h i c l e s .  A s  can be seen from f i g u r e  4 ,  i n f l a t i o n  

p r e s s u r e  has  a pronounced e f f e c t  on t h e  magnitude of us ta t icy  which i s  re- 

p r e s e n t a t i v e  of t he  u l t i m a t e  t r a c t i o n  any runway s u r f a c e  can develop  (see a l s o  

f i g .  5 ) .  F o r  example, a ground-based v e h i c l e  u s i n g  t i res  i n f l a t e d  t o  25 pounds 

pe r  square i n c h  should develop  a ks ta t ic  va lue  of 0 . 9  (from f i g .  41 ,  whereas 

a f i g h t e r  t ype  a i r c r a f t  t i r e  wi th  an  i n f l a t i o n  p res su re  of 300 pounds per  

square  inch  should develop  a pStatic va lue  of on ly  0 .6 .  I t  i s  be l i eved  t h a t  

t h i s  i n f l a t i o n  p res su re  e f f e c t  i s  c h i e f l y  r e s p o n s i b l e  f o r  t h e  d i f f e r e n c e  

e x i  s t i n g  be tween va r ious  a i r c r a f t  and ground-based vehi  c 1 e t r ac t  i o n  measurements . 
A p o s s i b l e  means of t a k i n g  t h e  i n f l a t i o n  p r e s s u r e  e f f e c t  i n t o  account  would 

be t o  normalize and t o  d i v i d e  t h e  f r i c t i o n  c o e f f i c i e n t s  ob ta ined  d u r i n g  a i r -  

c r a f t  o r  ground v e h i c l e  tes ts  by t h e  a p p r o p r i a t e  

i n f l a t i o n  p res su re  used .  Thus any of t h e  r a t i o s  

p s t a t i c  
Pmax ( w e t )  , Pav ( w e t )  

v a l u e  f o r  t h e  t i r e  

Y 01: 

h s t a t i c  P s t a t i c  
( i f  ob ta ined  a t  low speeds)  could  be used t o  deno te  t h e  r e l a t i v e  !Jskid (wet) 

p s t a t i c  
s l i p p e r i n e s s  of a pavement, w i t h  a r a t i o  1 i n d i c a t i n g  a s u r f a c e  having no 

w e t  t r a c t i o n  l o s s e s .  T h i s  process  should make ground v e h i c l e  ,measurements 

correspond more c l o s e l y  t o  a i r c r a f t  t r a c t i o n  measurements.  

Moreover, because of t h e  l a r g e  bu t  va ry ing  e f f e c t s  of  t i r e  t r e a d  d e s i g n  

on braking  t r a c t i o n  on w e t  s u r f a c e s ,  t h e  v e h i c l e  t e s t  t i res  should have smooth 

t r e a d s  f o r  t h e  purpose of pavement s l i p p e r i n e s s  measurements.  F u r t h e r ,  t h e  

t e s t s  should be conducted on a w e t  bu t  n o t  f looded  runway s u r f a c e  t o  minimize 

dynamic p res su re  e f f e c t s  on t h e  measurements.  The t e s t  speed should be f a i r l y  

low, say t h e  o r d e r  of 30 mi l e s  pe r  hour ,  a g a i n  t o  minimize dynamic p r e s s u r e  
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e f f e t t s  on t h e  measurements. 

be made of a 10,000-foot runway i n  about fou r  minu tes ,  c e r t a i n l y  a no t  unrea-  

sonab le  shutdown t i m e  f o r  a n  o p e r a t i o n a l  runway. F i n a l l y ,  t h e  method should 

compare t h e  v a l u e s  of t h e  p a r t i c u l a r  r a t i o  s e l e c t e d ,  say 

measured v a l u e s  of t h e  pavement t e x t u r e  c h a r a c t e r i s t i c  s e l e c t e d ,  say ave rage  

t e x t u r e  d e p t h  (from J o y n e r ) .  I n  t h i s  way, t h e  r e s u l t s  of t h e  survey could 

Such a tes t  speed would permit a t r a v e r s e  t o  

hnax 
b s t a t i c  

, with  

be expressed  i n  terms of a s l i p p e r i n e s s  number where 1 .0  r e p r e s e n t s  t h e  i d e a l  

t e x t u r e  range  (no  l o s s e s ) .  The survey would e s t a b l i s h  a range of t e x t u r e  

d e p t h s  g i v i n g  s a t i s f a c t o r y  o p e r a t i o n  and a l s o  i n d i c a t e  t h e  range of t e x t u r e  

d e p t h s  a s s o c i a t e d  w i t h  u n s a t i s f a c t o r y  o p e r a t i o n .  

Research should be cont inued  on pavement s u r f a c e  t e x t u r e s  u n t i l  i t  i s  

p o s s i b l e  t o  d e f i n e  t h e  optimum t e x t u r e  range r equ i r ed  f o r  bo th  s a t i s f a c t o r y  

w e t  runway t r a c t i o n  performance and t i re  t r ead  l i f e .  The photograph of 

f i g u r e  31 demonst ra tes  a s i g n i f i c a n t  po in t .  It  can be seen t h a t  f o r  t h e  

a c c i d e n t  i nvo lved ,  t h e  t i r e  p a t h s  of t h e  a i r c r a f t  l e f t  wh i t e  s t r e a k s  on t h e  

runway i n  t h e  p i c t u r e  foreground.  

s u r f a c e  t e x t u r e  occurred  on t h e  runway, b lack  s t r e a k s  developed i n  t h e  pa ths .  

A t  t h e  p o i n t  where a d e f i n i t e  change i n  

From t h i s ,  i t  appea r s  t h a t  some s u r f a c e  t e x t u r e s  can remove t h e  dangerous re- 

v e r t e d  rubber  from t h e  t i r e  and normal brak ing  c h a r a c t e r i s t i c s  are rega ined .  

Research i n  t h i s  area should be emphasized. 

Use of A i r  Jets t o  Improve T i r e  T r a c t i o n  on Wet Runways 

A i r  j e t  r e s e a r c h  t o  improve t i r e  t r a c t i o n  was f i r s t  performed a t  t h e  

Langley Research Cen te r  i n  1958; t h e  resul ts  of t h i s  i n i t i a l  work, performed 

on a s m a l l  wheel and b e l t  arrangement,  a r e  r e p o r t e d  i n  r e f e r e n c e  23. A i r  j e t  

r e s e a r c h  a t  Langley w a s  resumed a t  t h e  landing  loads  t r a c k  d u r i n g  t h e  summer 

Of 1964, and some of t h e  r e s u l t s  obtained d u r i n g  t h i s  i n v e s t i g a t i o n  are de- 
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s c r i b e d .  

F igure  3 2  shows a view of t h e  t es t  f i x t u r e  and a i r  j e t s  used i n  t h e  

c u r r e n t  t e s t  program. The t e s t  t i r e  w a s  a r e g u l a r  6.50 - 13 automobi le  t i r e  

i n f l a t e d  t o  a p res su re  of 27 pounds per  square  inch .  Both a smooth-tread and 

a 4-groove r ibbed- t read  t i r e  were t e s t e d .  E s s e n t i a l l y ,  t h e  a i r  j e t  arrangement ,  

as shown, was a tandem-nozzle arrangement wi th  t h e  t r a i l i n g  nozz le  loca t ed  

about  7-1/2 i nches  behind t h e  f r o n t  nozz le  and about  10 i n c h e s  i n  f r o n t  of t h e  

t i r e .  The t i r e  i n  t h i s  f i g u r e  i s  r e s t i n g  on a g l a s s  p l a t e  which w a s  l oca t ed  

f l u s h  wi th  t h e  conc re t e  s u r f a c e  i n  t h e  t e s t  runway. From beneath t h i s  g l a s s  

p l a t e ,  p i c t u r e s  of t h e  t i r e  f o o t p r i n t  were taken as t h e  t i r e  t r a v e l e d  a c r o s s  

t h e  p l a t e .  

dye  t o  g ive  b e t t e r  p i c t u r e  c o n t r a s t .  

e f f e c t  which can be obta ined  by completely c l e a r i n g  water from t h e  f o o t p r i n t  

a t  speeds  well  above t h e  hydroplaning  speed. (For  example, see f i g u r e  33.)  

The l e f t  por t ion  of f i g u r e  33 shows t h e  t i r e  i n  a completely hydroplaning  

c o n d i t i o n  when t r a v e l i n g  a t  a speed of 54 kno t s .  

shows t h e  good c o n t a c t  of t h e  t i r e  wi th  t h e  runway when t h e  t i r e  i s  t r a v e l i n g  

a t  a speed of 87 kno t s ;  t h i s  b e n e f i c i a l  e f f e c t  w a s  ob ta ined  w i t h  t h e  u s e  of 

a i r  j e t s .  I n  t h i s  c a s e ,  hydroplan ing  h a s  been a l l e v i a t e d .  I n  a d d i t i o n ,  

q u a n t i t a t i v e  measurements were made of f r i c t i o n  c o e f f i c i e n t  and hydrodynamic 

p r e s s u r e  developed between t h e  t i r e  and t e s t  runway s u r f a c e s .  

The water ove r  t h e  g l a s s  p l a t e  was co lored  wi th  a green  sea-marker  

These p i c t u r e s  showed t h e  very  b e n e f i c i a l  

The r i g h t  p o r t i o n  of f i g u r e  33 

The su r face  of t h e  t e s t  runway shown schemat i ca l ly  i n  f i g u r e  34 w a s  very  

smooth, except  f o r  a 52-foot s e c t i o n  i n  t h e  middle  which w a s  s andb las t ed  i n  

o r d e r  t o  have a s u r f a c e  t e x t u r e  somewhat more r e p r e s e n t a t i v e  of highways and 

runways i n  u s e  today. For example, t h e  beginning  of t h e  sandb las t ed  c o n c r e t e  

s u r f a c e  had an  average t e x t u r e  dep th  of 0.104 m m ,  as  measured by t h e  g r e a s e  



t echnique  desc r ibed  earlier.  

t h e  f l o a t  f i n i s h e d  c o n c r e t e  s u r f a c e  a l s o  descr ibed  earlier (see f i g .  11). 

This v a l u e  i s  about  h a l f  t h e  t e x t u r e  depth  of I 

I 

I 
Figure  35 p r e s e n t s  v a l u e s  of  locked wheel  f r i c t i o n  c o e f f i c i e n t  and 

I 

hydrodynamic p res su re  p l o t t e d  a g a i n s t  runway d i s t a n c e  f o r  one run. 

v a l u e s  were obta ined  a t  a c a r r i a g e  speed of 90 k n o t s ,  a lmost  twice t h e  hydro- 

These I 

I 

I 

p lan ing  speed of 47 k n o t s ,  w i th  t h e  r ibbed- t read  t i r e  and a runway water dep th  

of 0 . 3  inch .  The runway s u r f a c e  cond i t ion  i s  noted i n  f i g u r e  35 ;  t h e r e  were 

t h r e e  s e c t i o n s ,  a smooth c o n c r e t e  s e c t i o n ,  t h e  sandb las t ed  t e x t u r e d  c o n c r e t e  

p o r t i o n ,  and ano the r  smooth c o n c r e t e  sec t ion .  With t h e  a i r  j e t  o f f ,  i t  can 

be seen t h a t  hydrodynamic p r e s s u r e s  above 40 pounds pe r  squa re  inch  were 

1 

I 

, , developed on t h e  t i r e  f o o t p r i n t  and t h a t  very low v a l u e s  of pskid were ob ta ined  

But w i t h  the a i r  je t  on, t h e r e  i s  a reduc t ion  i n  hydrodynamic p res su re  t o  n e a r  

I z e r o  on t h e  t i r e  s u r f a c e .  Note a l s o  t h e  great improvement of v a l u e s  of p sk id ,  

e s p e c i a l l y  on t h e  t e x t u r e d  c o n c r e t e  s e c t i o n  where t h e  f r i c t i o n  c o e f f i c i e n t  i s  

g r e a t e r  than  0 . 4 .  The g radua l  d e c r e a s e  i n  psk id  shown as  t h e  t i r e  t r a v e l e d  

o v e r  t h e  sandb las t ed  runway s e c t i o n  i s  due t o  a nonuniform t e x t u r e  achieved 

d u r i n g  s a n d b l a s t i n g  as i n d i c a t e d  i n  f i g u r e  34. 

Figure  36 p r e s e n t s  w e t  runway corner ing  f o r c e  d a t a  as  a pe rcen t  of 

d r y  runway v a l u e s  p l o t t e d  a g a i n s t  t h e  same runway d i s t a n c e  as  i n  f i g u r e  35.  

The yaw a n g l e  w a s  5O, t h e  water dep th  was 0.3 i n c h ,  and t h e  speed w a s  77 k n o t s ,  

which w a s  once a g a i n  g r e a t e r  than  t h e  c r i t i ca l  hydroplaning speed. 

w i t h  t h e  a i r  je t  o f f ,  less than  5 percent of t h e  d r y  runway co rne r ing  f o r c e  

i s  ach ieved ;  b u t ,  w i th  t h e  a i r  j e t  on, more than  50 percent  of t h e  smooth t i r e  

Note =$at 

d r y  runway c o r n e r i n g  f o r c e  i s  obta ined  i n  t h e  t e x t u r e d  c o n c r e t e  s e c t i o n .  

F i g u r e  37 summarizes r e s u l t s ,  such a s  t h o s e  i l l u s t r a t e d  i n  f i g u r e  35, 

o b t a i n e d  w i t h  t h e  locked wheel,  t h e  4-groove r ibbed- t read  t i r e ,  and 0 .3  i n c h  
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of runway s u r f a c e  water. Here, t h e  v a l u e s  of psk id  of bo th  smooth and . 
t e x t u r e d  runway s u r f a c e s  a re  p l o t t e d  a g a i n s t  forward speed i n  k n o t s .  

be seen  t h a t  on t h e  smooth c o n c r e t e  s u r f a c e  t h e r e  i s  a r e l a t i v e l y  small 

d i f f e r e n c e  between t h e  curves  obta ined  with t h e  a i r  j e t  o f f  and t h e  a i r  j e t  

on,because of t h e  i n a b i l i t y  of t h e  a i r  j e t  t o  remove t h e  very t h i n  f l u i d  f i l m  

which adheres  t o  t h e  smooth s u r f a c e .  On t h e  t e x t u r e d  s u r f a c e ,  however, t h e  

many s u r f a c e  i r r e g u l a r i t i e s  puncture  t h i s  t h i n  s u r f a c e  f i l m ,  and t h e  r e s u l t  

on f r i c t i o n  c o e f f i c i e n t  i s  shown by t h e  curves  obta ined  on t h e  sandblas ted  

c o n c r e t e .  On t h i s  t e x t u r e d  runway s u r f a c e ,  which i s  perhaps smoother than  

a c t u a l  runway s u r f a c e s  i n  u s e  today ,  much g r e a t e r  v a l u e s  of 

ob ta ined  with t h e  a i r  j e t  on t h a n  wi th  t h e  a i r  j e t  o f f ,  

It  can 

pskid are  

It i s  be l ieved  t h a t  t h e  u s e  of a i r  j e t s  w i l l  prevent  t i r e  o p e r a t i o n  i n  

The l a r g e  g a i n  i n  f r i c t i o n  t h e  rever ted  rubber mode d u r i n g  wet o p e r a t i o n s .  

c o e f f i c i e n t s  ob ta ined  through a i r  j e t s  means g r e a t l y  i n c r e a s e d  wheel sp in-  

u p  moments upon brake release o r  a t  touchdown. 

s k i d s  necessary t o  deve lop  t r e a d  r e v e r s i o n  should n o t  o c c u r  d u r i n g  normal 

touchdown and braking o p e r a t i o n s .  

T h e r e f o r e  t h e  prolonged wheel 

Pavement Grooving 

Pavement grooving i s  b e l i e v e d  t o  o f f e r  g r e a t  promise as a means of  

a l l e v i a t i n g  a l l  forms of t i r e  t r a c t i o n  loss on w e t  runways. 

d i s c u s s i o n  a t t e m p t s  t o  d e s c r i b e  some b e n e f i c i a l  a s p e c t s  as w e l l  as some p o s s i b l y  

d e l e t e r i o u s  a s p e c t s  of pavement grooving on a i r c r a f t  and runway behavior .  

The f o l l o w i n g  

Transverse prooves.-  The i d e a  of grooving runways t r a n s v e r s e l y  i s  n o t  

new. Several  m i l i t a r y  a i r f i e l d  a s p h a l t  runways i n  England had t r a n s v e r s e  

grooves i n s t a l l e d  a t  l e a s t  9 y e a r s  ago. 

demonstrated t h a t  t r a n s v e r s e  grooves can g r e a t l y  i n c r e a s e  t h e  c r i t i c a l  water 
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I dep tb  on t h e  runway requ i r ed  f o r  dynamic hydroplaning  t o  occur ,  and t h u s  re- 

I 

I 

duce (by t h e  h i g h e r  r a i n f a l l  p r e c i p i t a t i o n  rates r e q u i r e d )  t h e  p r o b a b i l i t y  

of a i r c r a f t  t o  s u f f e r  dynamic hydroplaning .  The inc reased  t r a c t i o n  due  t o  

t r a n s v e r s e  grooving of a f looded  runway i s  i l l u s t r a t e d  by t h e  wheel sp in -up  

t i m e  h i s t o r i e s  measured a t  Langley and presented  i n  f i g u r e  38. I n  t h i s  

I 

I 

I 

I f i g u r e ,  wheel sp in -ups  from a locked wheel sk id  c o n d i t i o n  are presented  on 
I 

d r y ,  and f l o o d e d ,  grooved and ungrooved, l a r g e  aggrega te  a s p h a l t  s u r f a c e s  

under  c o n s t a n t  v e r t i c a l  load and i n f l a t i o n  p r e s s u r e  c o n d i t i o n s  f o r  a ground I 

I 
1 

speed of 100 kno t s .  The s l o p e  of t h e  angu la r  ve loc i ty - t ime  curve  d u r i n g  

wheel sp in -up  i s  t h e  a n g u l a r  a c c e l e r a t i o n ,  and t h u s  i n d i c a t e s  t h e  amount of 

I t r a c t i o n  developed between t h e  t i r e  and ground. It  can be seen t h a t  t h e  t r a n s -  

I v e r s e  grooved s e c t i o n  of pavement ( p i c t u r e  shown i n  f i g .  39) r e s t o r e d  the 

t r a c t i o n  developed by t h e  t i r e  on t h e  flooded pavement t o  that ob ta ined  on t h e  

d r y  s u r f a c e .  T h i s  r e s u l t  i n d i c a t e s ,  f o r  example, t h a t  i n s t a l l i n g  t r a n s v e r s e  

~ 
grooves i n  t h e  touchdown areas of runways might prevent  prolonged s k i d s  from 

developing  on a i r c r a f t  t i res  a t  touchdown and t h u s  prevent  t h e  dangerous 

development of  r eve r t ed  rubber  i n  t h e  t i r e  s k i d  pa tch .  

I 

I 

I t  h a s  been p rev ious ly  shown i n  t h i s  paper  t h a t  once r e v e r t e d  rubber  i s  
I 

e s t a b l i s h e d  i n  t h e  t i r e  f o o t p r i n t ,  extremely low f r i c t i o n  c o e f f i c i e n t s  deve lop  

on w e t  pavements down t o  very  low ground speeds.  S ince ,  t h e  f r i c t i o n  c o e f f i -  

c i e n t s  t h a t  r e s u l t  are as low o r  even iower, i n  sU~e  cases, thsr! t he  t i r e  

f r e e - r o l l i n g  r e s i s t a n c e  c o e f f i c i e n t ,  

i n  t h e  locked wheel c o n d i t i o n  f o r  long d i s t a n c e s  on t h e  runway. 

pry t h e  t i r e  has  a tendency t o  remain 

Recent tests a t  t h e  landing  loads  t r a c k  show t h a t  t r a n s v e r s e  pavement 

g roov ing  c a n  remove t h e  r e v e r t e d  rubber  i n  t h e  t i r e  f o o t p r i n t  as t h e  t i r e  

s l i d e s  across t h e  grooves and r e s t o r e  t i r e  t r a c t i o n  c a p a b i l i t y  t o  normal 
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rubber  c o n d i t i o n s .  This  dramat ic  r e s u l t  i s  shown i n  f i g u r e  39. T h i s  r e s y l t  

(removing t h e  r e v e r t e d  rubber )  a l s o  r e i n f o r c e s  b e l i e f  i n  t h e  concept  t h a t  t h e  

r e v e r t e d  rubber  acts  as a seal around t h e  edge of t h e  f o o t p r i n t  t ending  t o  

prevent  t rapped f l u i d  i n s i d e  from escaping  r e a d i l y .  

It  can be seen from t h i s  d i s c u s s i o n  t h a t  t r a n s v e r s e  grooves on runways 

can e f f e c t i v e l y  r e s t o r e  normal braking a c t i o n  t o  t i res  o p e r a t i n g  i n  t h e  re- 

v e r t e d  rubber mode. 

completely grooved t o  o b t a i n  t h i s  b e n e f i c i a l  e f f e c t .  For example, a s h o r t  

series of t r a n s v e r s e  grooves spaced every 200 f e e t  o r  so a long  t h e  runway may 

be s u f f i c i e n t  t o  r e s t o r e  t h e  t i r e  t o  normal c o n d i t i o n s  i f  r e v e r t e d  rubber  

deve lops  d u r i n g  a prolonged braking  s k i d  a t  any p o i n t  d u r i n g  t h e  landing  r o l l .  

I t  should a l s o  be  pointed o u t  t h a t  t h e r e  i s  merit i n  n o t  grooving t h e  e n t i r e  

wid th  of a runway. Consider t h a t  on ly  t h e  middle  t h i r d  of a runway i s  t r a n s -  

v e r s e l y  grooved. L e t  u s  assume t h a t  an a i r c r a f t  touches down o f f  runway 

c e n t e r l i n e  w i t h  one main landing  g e a r  o p e r a t i n g  on t h e  grooved runway and t h e  

o t h e r  gear  o u t s i d e  t h e  grooved area. When wheel brak ing  commences, a h i g h e r  

brak ing  f o r c e  should be  developed by t h e  landing  g e a r  t i r e ( s )  o p e r a t i n g  on t h e  

grooves than t h e  t i re (s )  o f f  t h e  grooves.  T h i s  should produce a l a r g e  sta- 

b i l i z i n g  moment about  t h e  a i r c r a f t  c e n t e r - o f - g r a v i t y ,  t ending  t o  r e t u r n  t h e  

a i r c r a f t  t o  t h e  c e n t e r  of t h e  runway. T h i s  e f f e c t  would b e  b e n e f i c i a l  d u r i n g  

crosswind landings  on w e t  runways. 

I t  i s  f e l t  t h a t  i t  i s  no t  necessary  f o r  t h e  runway t o  be  

The d e l e t e r i o u s  e f f e c t s  of pavement t r a n s v e r s e  grooving on t h e  runway 

i t s e l f ,  on a i r c r a f t  v i b r a t i o n s , a n d  on t i r e  t r e a d  wear d u r i n g  d r y  o r  w e t  

o p e r a t i o n s  a r e  as y e t  unknown. A s  a consequence, i t  i s  f e l t  t h a t  i t  would be  

unwise a t  t h i s  s t a g e  of r e s e a r c h  t o  recommend u n q u a l i f i e d  u s e  of t r a n s v e r s e  

grooving on runways as a means of improving t i r e  t r a c t i o n  on w e t  pavements. 



C e r t a i n l y ,  t h e  very promising r e s u l t s  ob ta ined  t h u s  f a r ,  i n d i c a t e  t h a t  f u l l -  

s c a l e  r e sea rch  on a c t u a l  runways needs t o  be performed t o  de te rmine  t h e  n a t u r e  

of any bad s i d e  e f f e c t s  t h a t  might stem from t r a n s v e r s e  grooving. On t h e  

o t h e r  hand, i n s t a l l i n g  t r a n s v e r s e  grooves i n  paved runway over run  areas i s  t o  

be recommended. Here, i n  t i m e s  of emergency, t h e  grooves would be  a v a i l a b l e  

I 

~ 

t o  h e l p  s t o p  t h e  a i r c r a f t  y e t  t h e  grooved s u r f a c e  would n o t  i n t e r f e r e  w i t h  

normal o p e r a t i o n s .  Also,  some expe r i ence  on pavement d e t e r i o r a t i o n  through 

weather ing  e f f e c t s  of t h e  grooving could be e s t a b l i s h e d .  

Some t r a c k  tests were a l s o  conducted us ing  l o n g i t u d i n a l  runway grooves 

and are d e s c r i b e d  i n  t h e  fo l lowing  s e c t i o n  of t h e  paper.  However, as i s  i n -  

d i c a t e d ,  t h e  t r a c k  r e s u l t s  are n o t  conc lus ive ,  and f u r t h e r  f u l l - s c a l e  a i r c r a f t  

tes ts  on l o n g i t u d i n a l  pavement grooves need t o  be made. 

Long i tud ina l  grooving . -  Seve ra l  t a x i  runs  were made a t  t h e  t r a c k  wi th  

t h e  t i r e  yawed (5" 1 over  a f looded  longi tudina l ly-grooved  pavement s e c t i o n  a t  

h igh  ground speeds.  It  w a s  found t h a t  t h e  l o n g i t u d i n a l  grooves pee led  t h e  

t r e a d  from t h e  t es t  t i r e .  A t  f i r s t  g l ance ,  t h i s  r e s u l t  would tend  t o  prec lude  

f u r t h e r  tests on l o n g i t u d i n a l  grooves.  Let u s ,  however, look a t  t h i s  r e s u l t  

i n  more d e t a i l .  It i s  obvious t h a t  t h e  grooves d id  deve lop  l a r g e  s i d e  f o r c e s  

on t h e  t ire t r e a d .  I t  i s  noted t h a t  t h e  t e s t  c a r r i a g e  a t  t h e  t r a c k  i s  re- 

s t r a i n e d  from sideways motion by preloaded s i d e  wheels, and i t  i s  necessa ry  

t h e n  t o  q u e s t i o n  whether t h i s  d e t r i m e n t a l  t r e a d  e f f e c t  would deve lop  on a 

yawed b u t  u n r e s t r a i n e d  v e h i c l e  such as an  a i r c r a f t .  For  t h i s  case, t h e  l a r g e  

s i d e  f o r c e s  developed by t h e  t i res  on t h e  l o n g i t u d i n a l  grooves would tend t o  

unyaw t h e  a i r c r a f t  by producing a very l a r g e  s t a b i l i z i n g  moment about  t h e  

c e n t e r - o f - g r a v i t y .  

i t s e l f  w i t h  t h e  runway and reduce  t h e  s i d e  f o r c e s  on t h e  t i res  t o  z e r o  va lues .  

T h i s  means t h a t  t h e  a i r c r a f t  would tend t o  q u i c k l y  a l i g n  
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It  i s  concluded then t h a t  t h e  t r a c k  resu l t  may no t  be  v a l i d  f o r  a i r c r a f t  *or 

o t h e r  un res t r a ined  v e h i c l e s  such as automobiles .  Obviously,  f u l l - s c a l e  tes ts  

u s i n g  u n r e s t r a i n e d  v e h i c l e s  are  needed t o  de te rmine  l o n g i t u d i n a l  groove e f f e c t s .  

The b e n e f i c i a l  e f f e c t  l o n g i t u d i n a l  grooving would have on a i r c r a f t  d u r i n g  

crosswind landings  on f looded runways speaks f o r  i t s e l f .  

CONCLUDING REMARKS 

I t  has  been t h e  purpose of t h i s  paper  t o  i l l u s t r a t e  t h e  fundamental  

p r i n c i p l e s  involved i n  t i r e  t r a c t i o n  l o s s e s  t h a t  deve lop  d u r i n g  a i r c r a f t  

ope ra t ion  on w e t  o r  f looded runways i n  t h e  l i g h t  of p a s t  and more r e c e n t  re- 

s e a r c h  r e s u l t s .  Th i s  paper shows t h a t  t h e  haza rds  t o  a i r c r a f t  ground oper-  

a t i o n  r e s u l t i n g  not  on ly  from dynamic and v i scous  hydroplaning  bu t  a l s o  from 

rubber  t r ead  r e v e r s i o n  a re  real and can happen more f r e q u e n t l y  than  w a s  

p rev ious ly  thought  p o s s i b l e  . 
Future o p e r a t i o n s  may no t  be as s u c c e s s f u l  as i n  t h e  p a s t .  The number 

of high performance j e t  a i r c r a f t  i n  o p e r a t i o n  i s  i n c r e a s i n g  a t  a r ap id  ra te .  

Also many more a i r p o r t s  w i t h  s h o r t e r  runways a re  expected t o  accomodate j e t  

a i r c r a f t .  The w e t  t r a c t i o n  c a p a b i l i t i e s  of e x i s t i n g  a i r c r a f t  b rak ing  systems 

and runway s u r f a c e s  need t o  be improved; i t  i s  recommended t h a t  pavement and 

a i r c r a f t  s l i p p e r i n e s s  r e s e a r c h  be expanded , e s p e c i a l l y  i n  t h e  areas of promise 

desc r ibed  i n  t h i s  paper ,  a s s o c i a t e d  w i t h  pavement s u r f a c e  t e x t u r e ,  pavement 

grooving ,  and a i r  j e t  r e s e a r c h  and development.  

3 2  
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